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Abstract 
Melaleuca alternifolia (Maiden & Betche) Chee! has a natural distribution in coastal and 
hinterland eastern Australia, between latitudes 28.43 - 29.55°S. The species is commercially 
important as the source of essential oil for the Australian tea tree oil industry. This study 
investigates and describes the reproductive biology of M. altern.ifolia: specifically, its floral 
biology and phenology; its breeding system, including self-incompatibility mechanisms; and its 
pollination biology. This study is the first comprehensive investigation of the reproductive 
biology of M. altern(folia; the information is important to the Australian breeding programme 
directed at improving the quality and quantity of tea tree oil. 
Components of the study were conducted in a managed natural population of M. 
alternifolia at Coombell, NSW; in two seed orchard populations, one of which (Wollongbar, 
NSW) borders on the spec ies' natural range in northern NSW, while the other (West Wyalong, 
southern NSW) is well outside it; in a plantation stand at West Wyalong; and in glasshouses at 
Canberra, ACT. The majority of the work was conducted from 2004 to 2007, although the study 
also drew on some prior observations. 
The floral morphology and development of M. alternifolia were monitored on sample trees 
in the glasshouse and at West Wyalong. Flowers are compounded in an inflorescence which 
develops acropetally. The compound inflorescence develops over a period of 6 days. No strong 
separation of male and female phases was found in any individual flower; pollen was shed by 
1.4 days after anthesis and the stigma reached peak receptivity from 3 to 5 days after anthesis. 
Pollen of M. alternifolia remained viable after 52 weeks storage at -18"C. Dichogamy and 
acropetal floral development may lead to geitonogamy. 
Flowering phenology was observed within the Coombell natural stand and in the two seed 
orchards al West Wyalong and Wollongbar. Flowering intensity was recorded in all 
populations; the timing and duration of flowering were recorded in the seed orchards. M. 
alternifolia flowers synchronously at all three study sites, including the orchard well outside its 
natural range, with a peak period of three to four weeks. Flowering occurs during the months of 
October to November with the peak in November. Flowering intensity and success in producing 
capsules appears to be associated with total spring rainfall, as demonstrated by the poor 
flowering and loss of most resultant capsules during the severe drought at West Wyalong during 
2006. 
Data describing environmental parameters which may influence flowering - daylength, 
temperature, and rainfall - were acquired for the natural population and seed orchard sites, and 
an ex pe riment investigating the effects of temperature on flowering was conducted in the 
glasshouse. Initiation of flowering in M. alternifolia appears to be con-elated with day length, or 
an environmental parameter closely con-elated with daylength. Flowering intensity varied 
considerably between years surveyed, sites and families, but appears to be promoted by a period 
of winter minimum temperatures below 5"C. Trees at West Wyalong flowered at a younger age 
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and more heavily than trees at the other sites when spring rainfall allowed, and this appears to 
be a consequence of the lower winter temperatures at this site. 
Self-incompatibility was investigated by assessing seed yield, and microscopic 
examination of the development of pollen tubes, from controlled self- and cross-pollination with 
4 unrelated families in the two seed orchards. No capsules were produced from controlled self-
pollination; however, bagging of un-opened flowers produced several capsules, suggesting 
pollen contamination. There were significant differences in the mean number of pollen tubes 
found in the style between self-, cross- and open-pollination; with the greatest number of pollen 
tubes resulting from cross-pollination. Barriers to self-pollination appear to be operating in both 
the style and ovule of M. alternifolia, but there was some evidence that the effectiveness of 
these mechanisms varies between families. 
A small half-diallel mating design was used to investigate the mode of genetic control of 
seed yield. Whilst the results can only be considered as preliminary, it appears that SCA effects 
are stronger than GCA effects for seed yield; further investigation is required to confirm this. A 
preliminary investigation of hybridisation between M alternifolia, and the closely related M 
linariifolia, and M. dissitiflora revealed both possibilities for and constraints to hybridisation as 
a breeding strategy for tea tree oil production. 
Observation of floral visitors at the West Wyalong orchard, and exclusion experiments 
undertaken in both orchards, revealed that M. alternifolia flowers are visited by a variety of both 
large and small insects. There was no significant difference in the mean number of capsules set 
between open pollination and the finest mesh exclusion treatment (2 mm), suggesting that very 
small insects are the principal pollinators of M. alternifolia. Large numbers of Thrips imaginis 
and Thrips tabacci were identified as frequent floral visitors, and are the most likely pollinators 
of M. alternifolia. 
The results of this study are informative for M. alternifolia breeders . They suggest that 
breeding populations and seed orchards should be sited where winter temperatures are low, with 
minima below 5"C, and that the resultant earlier and more intense flowering at such sites will 
shorten generation times and increase seed yields. However, irrigation is likely to be necessary 
at such sites to ensure a high proportion of capsules mature when rainfall is low. Knowledge of 
stigma maturity means that pollen needs only to be applied once to achieve good results, and a 
count of developing buds 1 month after pollination is a good predictor of capsule numbers at 
maturity 16 months later. Pollen can be cold-stored for at least a year, and still retain a 
reasonable level of viability, but use of fresh pollen is preferable where possible. Whilst there 
are strong mechanisms favouring outcrossing in M. alternifolia, there are also characteristics of 
the species' reproductive biology that allow a level of natural self-pollination. Consequently, 
there are constraints to the effectiveness of conventional methods for isolation of flowers for 
controlled pollination, which need to be addressed if specific crosses are to be made for research 
or breeding purposes. The synchrony of flowering across sites makes it difficult for one research 
or controlled pollination team to work over multiple orchards located at any distance. 
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Chapter 1: Introduction 
1.1 The Genus Me/a/euca 
The genus Melaleuca is a member of the family Myrtaceae. The genus comprises c. 280 
species, of which c. 270 are endemic to Australia (Craven and Lepsch i 1999; Craven et al. nd). 
M. cajuputi, represented by three sub species, is the most widespread, extending from no1thern 
Australia to parts of Papua New Guinea, Indonesia, Malaysia, Thailand, Cambodia and 
Vietnam. Several other Melaleuca species have all or part of their distribution in Papua New 
Guinea, West Papua and New Caledonia; the latter supports up to seven e ndemic species 
(Craven 1999; Craven et al. nd). According to Craven ( 1999), Melaleuca is characterized by the 
features listed in Box 1.1 ; it is most closely related to Callistemon, Conothamnus and 
Lamarchea (Briggs and Johnson 1979). 
Box 1.1 Features of the genus Melaleuca 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
Shrubs or trees; 
Leaves spiral, decussate or ternate, small to medium-sized, the venation pinnate to 
parallel ; 
Flowers in spikes or cluste rs or sometimes solitary, the basic floral unit being monad, 
dyad or triad; 
Sepals 5 (rarely, O); 
Petals 5; 
Hypanthium fused to the ovary in the proximal reg ion only; 
Stamens few to numerous, filaments fused for part of their length into 5 bundles, the 
anthers dorsifixed (or, rarely, basifixed) and versatile with two parallel cells that open 
via longitudinal slits; 
Ovary 3-celled, the ovules few to numerous; 
Fruit capsu le within a usually woody to subwoody fruiti ng hypanthium; 
Seeds with thin testa, generally obovoid-oblong to obovoid, un winged; 
Cotyledons planoconvex to obvolute . 
Source: Craven, 1999 
Several species of Melaleuca are valuable for the commercial production of fol iar essential 
oils: M. alternifolia, M. cajuputi and M. quinquenervia are examples (Brophy and Doran 1996; 
Doran 1999), with M. alternifolia of most interest to Austral ian producers. 
1.2 Me/a/euca alternifolia 
Melaleuca a/ternifolia (Maiden and Betche) Cheel (Figure 1.1 ), commonly known as 
Australian tea tree to essential oil producers, or 'Snow in Summer' (a common name it shares 
with M linariifolia) to horticulturists, is a single- or multi- stemmed paper-bark shrub to 
medium-sized tree, 2-14 m tall. It occurs on seasonally inw1dated sites in northeastern New 
South Wales, and along permanent water courses in limited areas of southeastern Queensland. 
Isolated populations extend south to Port Macquarie, NSW, and northwest to Stanthorpe, Qld 
(Holliday 1989; Butcher et al. 1994; Homer et al. 2000). The species therefore has a relatively 
narrow distribution and a disjunction in its geographic range (Butcher et al. 1994 ), with a 
latitudinal range of 28.43 - 29.55°S and a longitudinal range of 151.52 - 153.24°E (Figure 1.2). 
According to Craven (1999) and Craven and Lepschi (1999), contemporary understanding of 
the taxonomy of M alternifolia is: 
Order : Myrtiflorae 
Family : Myrtaceae 
Subfamily : Leptospermoideae 
Tribe : Leptospermae 
Genus : Melaleuca 
Species : Mela/euca alternifolia 
Figure 1.1 Mela/euca alternifolia 
Photo by Liliana Baskorowati (2005) 
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Figure 1.2 Natural distribution of M. alternifolia 
Quinn and Barlow ( 1989) and Craven et al. (nd) describe the morphology of M. 
alternifolia in the terms summarized in Box 1.2. 
.. .,, 
" 
Box 1,2 The morphology 9f M. alt~rnifoli€J .: .<+' .. ~, ~ :I ' . . . ·t ·;\ • ~: •:(.c "1 
• 
• 
• 
• 
• 
• 
• 
• 
• 
Shrub or tree; 2.5- 14 m tall; 
Bark papery, peeling in long flakes, reddish - brown; 
Leaves ternate or spirally arranged, lamina linear to very narrowly elliptic, flat to 
semiterete, often incurved towards the apex and rounded abaxia lly, 6.5( I I )-26(34) mm 
long, 0.5-1 ( 1.5) mm wide; 
Inflorescences spicate, pseudoterminal and often also upper axillary , rarely approaching 
inte rstitial, with 6-24 monads, up to 25 mm wide; 
Bracts variable, often fo liose, 5- 10 mm long, falling before an thesis; 
Hypanthium glabrous and sometimes hairy, cup shaped, 1.5-2 mm long; 
Sepals triangular, 0.7- I mm long, narrowly membranous at the margins, persistent to 
immature fruit; 
Petals deciduous, 2.3-2.7 mm long; 
Stamens 8.5- I 3.5mm long includ ing a claw 6.5-10 mm long, 24-50 per bundle, aris ing 
pinnately from the sides and inner surface of the claw with filaments whi te to cream; 
Style 3.5-4 mm long; 
• Ovules c . 85 per loculus; 
• Fruits cylindrical with shallowly enclosed valves, 2-4 mm high, 3-4 mm diameter, 
slightly flaky or rough, scarcely contracted and entire at the aperture. 
• Cotyledons obvolu te. 
Sources: Adapted from Quinn and Barlow 1989; Craven et al. nd 
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M. alternifolia belongs to a group of five closely related species within the genus 
Melaleuca, of which the other members are M. linariifolia Smith, M. dissitiflora F. M uell, M. 
linophylla F. Muell and M. trichostachya Lindley. Members of the group are distinguished from 
other melaleucas by their leaf strncture, which is decussate or spiral, and further by the number 
of ovules, the type of hypanthium, and the length of their stamens (Craven 1999). Certain 
chemotypes of M. altemifolia, M. linariifolia and M. dissitiflo ra have leaf o il rich in terpinen-4-
ol, which is the key therapeutic ingredient of Australian tea tree oil (Brophy et al. 1989). 
1.3 The importance of Melaleuca alternifolia to 
Australia's essential oil industry 
Production of Australian tea tree oil commenced in 1926 amongst natural stands of M. 
alternifolia on the North Coast of NSW, and oil was still .produced in substantial quantities from 
natural forest leases until the 1980s (Davis 2003). Oil production levels in natural stands varied 
from 2 to 20 tonnes/year; increasing demand in the 1980s fostered the development of 
plantations (Davis 2003). Most of the current Australian harvest (540 tonnes/year) of tea tree 
oil now comes from plantations. Total plantation area is in the order of 3,000 ha, distributed 
amongst about JOO producers; with the main areas of production being New South Wales, 
Queensland and Western Australia (RJRDC 2007). Most plantations are located within the 
natural range of M. alternifolia in northern NSW; exceptions include northern Queensland, 
Western Austra lia and plantations established near West Wyalong, NSW (Figure 1.3), well 
outside the natural range of the species, in the J 990s. The West Wyalong plantations were 
established by G.R. Davis Pty Ltd, which has been managing Eucalyptus polybractea (blue 
mallee) plantations for oil production on their West Wyalong property since 1964. 
The Australian tea tree oil industry is based on the terpinen-4-ol-rich oil distilled from the 
leaf of M. alternifolia. The main market for tea tree oil requires oil rich in terpinen-4-ol, 
typically in the range 35-42%, and low (that is, <5%) in 1,8-cineole content (Davis 2003). 
Historically, three main chemical varieties (chemotypes) of M. alternifolia have been 
recognised - rich in either 1,8-cineole, terpinolene, or terpinen-4-ol. The latter is the variety that 
has undergone most commercial development (Southwell 2003). More recent research has 
identified fi ve (Butcher et al. 1994) or six (Homer et al. 2000) chemotypes, based on analysis of 
a more complete range of populations of M. alternifolia. Tea tree oil remains Australia's most 
impo1tant essential oil crop; almost 90 per cent of the world's tea tree oil is produced in 
Austral ia (RIRDC 2007). 
However, the industry faces growing competition from producers in countries such as 
China, which is likely to lower oil prices and put financial pressures on Australian producers 
(Qiang 2003). This price and production competition emphasizes the importance of breeding for 
increased yields and higher oil qualities, to improve production efficiencies and marketability of 
the oil (Baker and Doran 1999; Southwell 2003). 
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1.4 The Australian Melaleuca alternifolia breeding 
program 
Plantations of M. alternifolia were established to improve the quantity, quality and 
reliabi lity of oil production (Butcher 1994). However, early plantations established in the 1980s 
were sub-optimal in yield, highly variable in quality and often established from a very narrow 
genetic base (Baker 1999). 
Genetic improvement was recognized after a decade of tea tree plantation development as 
a tool to provide progressive, economically significant gains in oil yield and quality of M. 
altermfolia. In response to industry requests, NSW Agriculture and CSJRO commenced a 
selection and breeding program for M. alternifolia in 1993, funded by Rural Industries Research 
and Development Corporation (RIRDC) with suppo11 of the Australian Tea Tree Industry 
Association (ATTIA) (Doran et al. 2002). 
A number of factors lend M. alternifolia to genetic improvement. The first is the high 
levels of variation in oil composition and oil concentration in natural stands of M. alternifolia 
(Butcher et al. 1994). Second, evidence has shown that oil concentration and oil composition 
are highly heritable and relatively stable across sites (Butcher 1994), as is also the case with 
other Australian tree species with commercially valuable oils, such as Eucalyptus kochii (Barton 
et al. 1991), E. polybractea (James 1991 ; Grant 1997) and £. camaldulensis (Doran and 
Matheson 1994). Third, there is a relatively short generation interval, facilitated by the ability to 
be able to reliably determine oil concentration and composition at an early age (l 8 months), and 
a short duration to flowering (14 months to 3 years from planting depending on site) (Doran et 
al. 2006). 
The principal breeding strategy adopted for M. alternifolia was based on establishing 
breeding populations in progeny trials, initially to allow assessment of variation in growth and 
o il quality and yield and estimation of genetic parameters, and then converting these to seedling 
seed orchards for supplying genetically improved (open pollinated) seed for plantation 
establishment (Doran et al. 2006). This breeding strategy began in 1994 with the establishment 
of the first generation breeding population. The strategy has now progressed to the stage where 
a second generation Seedling Seed Orchard (SS02) has been established and seed crops 
harvested from the SSOs have been released to industry (Doran et al. 2006). 
While the breeding program has been successful, demonstrating an 80% gain in yields of 
oil in I 0 years of breeding (Doran et al. 2006), the rate of gain achieved has been hampered by 
delayed and erratic flowering in the seed orchards established near Lismore, NSW, in the heart 
of the natural distribution of M. alternifolia. Controlled crossing plans have also been 
compromised by this irregular flowering. 
Another SSO was established in 200 I at West Wyalong on G.R. Davis' property, at 
latitude 33° 56' O"S, longitude 147° 15' O"E, altitude 250 m. It was established to provide a 
back-up resource to the principal SSOs near Lismore, and to test the hypothesis that this species 
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flowers earlier, more abundantly and more regularly if planted outside of its natural range. This 
hypothesis was suggested by reports of heavy early flowering in commercial plantations of M. 
alternifolia at West Wyalong (Doran et al. 2002). 
1.5 Objectives of this study 
Despite its commercial importance, relat ively little is known about the reproductive 
biology of M. alternifolia. As discussed in Chapter 2, study of the reproductive biology of M. 
alternifolia including the breeding system, floral biology, and pollination biology, is essential to 
enhance the efficiency of breed ing to improve the oil yie ld and quality. 
Therefore, the principal objective of this study is to gain a better understanding of the 
reproductive biology of M. alternifolia. This information is important in its own right, but will 
also inform breeding programs of M. alternifolia; the study was conducted in collaboration with 
the Australian M. alternifolia breeding program implemented by NSW Agriculture and CSIRO 
(Doran et al. 2002). The objective was pursued by investigating a number of research topics, 
each of which required addressing a set of research questions. The research topics and questions 
were: 
I. Floral morphology and development of M. alternifolia 
l . l . What are the floral structures and the process of floral development? 
1.2. What is the phenology of frniting and how many viable seeds are produced per 
capsule? 
1.3. When are stigmas receptive to pollen? 
1.4. What are the pollen morphology and pollen longevity? 
2. Flowering phenology and intensity of M. alternifolia 
2.1. What is the flowering phenology in a natural population and in two seed orchard 
populations? 
2.2. Does the flowering intensity in a natural population and in two seedling seed orchards 
vary between years and between families? 
2.3. What is the extent of within population variation in flowering intensity in the two seed 
orchard populations? 
2.4. To what extent is flowering phenology related to environmental parameters? 
2.5. Can fl ower production be induced to flower by exposure to cold temperature and 
application of the hormone paclobutrazol? 
3. Incompatibility mechanisms of M. alternifolia 
3. 1. What are the consequences of self- and cross-pollination on capsule set? 
3.2. Can capsule set produced from controlled pollination be predicted prior to harvesting? 
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3.3. Is there any difference in seed germination and seedling growth resulting from cross-
and open-pollination? 
3.4. What is the nature of genetic control of seed production from self- and cross-
pollination? 
3.5. What is the nature of incompatibility mechanisms? 
4 . Pollination system of M. alternifolia 
4.1 . How much nectar do flowers produce? 
4.2. What are the fl oral vi sitors? 
4.3. What are the pollinators? 
5. Hybridisation of M. alternifolia with closely related species 
5. I. Can artificial hybrids of M. alternifolia and the closely re lated species M. dissitiflora 
and M. linariifolia be produced? 
1.6 How this study was conducted 
These research questions were investigated using a variety of materials and methods, at a 
number of research sites. The research topics and questions, and research activities and methods 
used to address them, are summarized in Table 1.1. The research topics, acti vities and methods 
are described in detail in the rele vant chapters of this thesis. 
Table 1.1 Study objectives and research questions, research activities and 
methodologies 
Research Topics (bold) and Research Activities Experimental Methodology . 
. -Q~e~tions· (numbered) . ' . 
1. Floral morphology and phenology of M. a/ternifolia 
(Described in Chapter 3) 
1.1. What are the floral structures Identify floral structure, Observation in glasshouse in 
and the process of floral inflorescence development, time of Canberra and in West Wyalong 
development? anthesis, the pistils and ovules, (WW) seed orchard 
and the pollen structure. Identify 
bud development. 
1.2. What is the phenology of fruit Observe and record the stages Observation in WW 
ing and how many viable from bud - flower - fruit. Estimate 
seeds are produced per number of seeds per capsule by 
capsule? germination test. 
1.3. When are stigmas receptive Observe stigma maturity based Or\ Observation in WW and 
to pollen? both capsule set and the number of examination with Scanning 
pollen tubes Electron Microscopy (SEM) and 
Fluorescence Microscopy (FM) 
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Table 1. I. Continued 
~·.~· ·' -: ·)~ .. 1,.ti.•I ~ ··~""·. ·;,( 
R~.~.~arch Topjps"(~~ld) -an~ 
0U~$tions (nuni~~r~d) ; 
!hl R~search j~llvities 
1.4. What are the pollen 
morphology and pollen 
longevity? 
) '~ . ' ; 
Pollen collection and observation 
Replicated experiment to test 
pollen viability under a range of 
storage regimes. 
a. Observe pollen structure 
under SEM. 
b. Test viability of pollen dried 
to different moisture contents 
and storage temperatures 
2. Flowering phenology in populations of M. alternifolia 
(Described in Chapter 4) 
2.1. What is the flowering 
phenology in a natural 
population and in two seed 
orchard populations? 
2.2. Does flowering intensity in a 
natural population and in two 
seed orchards vary between 
years and between families? 
2.3. What is the extent of within-
population variation in 
flowering intensity in the two 
seed orchard populations? 
2.4. To what extent is flowering 
phenology related to 
environmental parameters? 
2.5. Can flower production be 
induced to flower by 
exposure to cold 
temperatures and application 
of the hormone 
paclobutrazol? 
Compare the flowering and fruiting 
time between populationof M. 
alternifolia in a natural stand and 
seedling seed orchrds 
Record the flowering intensity 
Observation of flowering and 
fruiting time in Coombell natural 
stand and in WW and 
Wollongbar (WAI} seed 
orchards 
Observation of flowering in 
Coombell natural stand and in 
WW and WAI 
Compare the flowering intensity Observe the flowering intensity 
between two seed orchard of common families in WW and 
populations for 2004 and 2005 data WAI 
Relate climate data to flowering 
pattern and intensity 
Replicated trial, testing whether a 
period of cold temperature, and 
treatment with paclobutrazol, 
initiate flowering 
Observe the pattern of 
temperature and rainfall 
compared with flowering 
intensity 
Glasshouse experiment: 2006 -
using 5 clones with 1 cold 
treatment and 1 paclobutrazol 
treatment; 2007 - using 9 
clones with 2 cold treatments 
and 1 paclobutrazol treatment 
3. Incompatibility mechanisms of M. a/ternifolia 
(Described in Chapter 5) 
3.1. What are the consequences 
of self- and cross-pollination 
on capsule set? 
3.2. Can capsule set produced 
from controlled pollination be 
predicted prior to harvesting? 
3.3. Is there any difference in seed 
germination and seedling 
growth resulting from cross-
and open-pollination? 
Compare the fruit set of self- and 
cross- pollination 
Record the number of capsules set 
after pollination at 1, 4 and 16 
months 
Control poll ination includes 
outcross and self of each of 5 
families in WW and WAI 
Count the number of capsules 
set after controlled pollination 
treatment at WW 
Compare the seed germination and Test the germination of 
seedling growth of cross- and capsules harvested from WW 
open-pollination 
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Table 1.1. Continued 
3.4. What is the nature of genetic 
control of seed yield from 
cross- and open-pollination? 
3.5. What is the nature of 
incompatibility mechanisms? 
Use a half-diallel mating design 
including selfs to estimate genetic 
parameters. 
Compare the number of pollen 
tubes of cross-, self-, and open-
pollination 
, • ''f . . ·fl ~" ,~. :~. "' 
Experin:ien.~<l.!;Methodold~y . :; 
,- ···-~'<:}:,· .... ~ .... ,_ ~ .. :· .; ... ·r 
Half-diallel mating design 
between 4 families in WW 
Count the number of pollen 
tubes under fluorescence 
microscope 
4. Pollination systems of M. a/ternifolia 
(Described in Chapter 6) 
4.1 . How much nectar do M. 
altemifolia flowers produce? 
4.2. What are the visitors to M. 
altemifolia flowers? 
4.3. What are the chief pollination 
vectors of M. alternifolia 
flowers? 
Nectar measurement 
Insects include small insects 
observed and identified 
Samples from 4 trees in WW 
Collect insects from WW 
Comparison of fruit set with Netting experiment using 5 
different sizes of mesh covering the families, in WW and WAI 
flowers; 
Laboratory observation and 
identification 
5. Hybridisation of M. a/ternifolia with closely related species, M. dissitiflora and M. linariifolia 
(Described in Chapter 7) 
5. 1. Can artificial hybrids of M. 
alternifolia and closely related 
species be produced? 
Examine the possibility of 
producing hybrids of M. alternifolia 
with closely related species M. 
dissitiflora and M. linariifolia 
Controlled pollination of M. 
alternifolia with M. dissitiflora 
and M. linariifolia in WW 
Germination and growth 
observation in ANU glasshouse 
The study was conducted in the field at West Wyalong, NSW, Wollongbar, NSW (c. 15 
km east of Lismore), Coombell, NSW (c. 50 km south-west of Lismore), and in the glasshouses 
at CSIRO and ANU, Canberra (Figure 1.3). 
9 
" ! 
; I 
~ I 
"' 
"' I 
" 
: l.'I ff\ 1• "•'/1. 
o i West Wyalong• 
-.r, 1·--~--. 
i "· I ..J -.... 
. ~ 
.... 
'· ,_.c~.,_ ---.~· ,., 
/;;? ;,;.. , • •. 4 
·-.,,. . 
Figure 1.3 Sites for studying reproductive biology of M. a/ternifo/ia 
The characteristics of each of the study sites are: 
1). West Wyalong partial second-generation Seedling Seed Orchard (SS02p) : SS02p 
is located at West Wyalong NSW on the property of G.R. Davis Pty Ltd (latitude 33" 56' O' S; 
longitude 147° 15' O'E; altitude 250 m). The dominant soil type is brown clay loam. The climate 
is temperate with mean annual rainfall of 482 mm, mean maximum temperature of the hottest 
month 23.3°C, mean minimum temperature of the coldest month 9.9"C and mean annual 
temperature l 6.6°C. The trial of 36 open-pollinated families was established in September 2001. 
2). Wollongbar second-generation Seedling Seed Orchard (SS02): SS02 is located at 
Wollongbar Agricultural Institute, NSW (latitude 28"47'S; longitude 153" 15'E; altitude 150 m; 
slope 5-20%). The dominant soil type is. red krasnozen, with volcanic parent material. The 
climate is sub-tropical with a mean annual rainfall of 1680 mm, mean maximum temperature of 
the hottest month 26"C, mean minimum temperature of the coldest month 9°C and mean annual 
temperature l 8.4°C. The Wollongbar SS02 was established in April 2001 and originally 
comprised of 99 open-pollinated families and one clone. Culling had reduced family numbers to 
81 plus one clone by the commencement of this study. 
3). Coombell natural population: this natural stand of M. alternifolia is located at 
Coombell, NSW, south of Casino, on the property of Dyason Pastoral Company (latitude 29" 
01 'S; longitude 152° 59' E; altitude 35 m; slope 0-2%). The dominant soil type is yellow 
amphipodzol with grey amphipodzol and solodic as subdominant soil and shale as parent 
material. The climate is sub-tropical with a mean annual rainfall of 996 mm, mean maximum 
temperature of the hottest month 30°C, mean minimum temperature of the coldest month is 6°C 
and mean annual temperature 19.6°C. The 74 individual trees within the stand were a mix of 
seedling and coppice regrowth . 
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1. 7 Organization of the thesis 
The thesis is presented in e ight chapters: 
Chapter l gives an introduction to the nomenclature and botanical features of the genu s 
Melaleuca, a brief description of M. alternifolia and its importance to the 
Australian essential oil industry, the aim and objectives of this study and 
arrangement of the thesis. 
Chapter 2 presents a literature review of subject areas pertinent to this thesis. The focus of 
the review is on species of the family Myrtaceae and, specifically, on the work 
already completed on Melaleuca species, including M. alternifolia. 
Chapter 3 explains the floral structure and development, capsule development and seed set 
of M. alternifolia. Observation focuses on the individual flower, and includes 
study of stigma receptivity, and pollen morphology and longevity. 
Chapter 4 describes the pattern of flowe ring phenology and flowering intensity of M. 
alternifolia within and between populations. Associations with climatic factors 
are studied. 
Chapter 5 investigates the self-incompatibility in M. altemifolia; this includes the effects 
of self- and outcross-pollen on capsule set, seed germination and seedling 
growth; the estimation of genetic parameter (GCA and SCA) for seed yield, and 
identities incompatibility mechanisms through observation of pollen tube 
growth. 
Chapter 6 investigates the floral visitors and pollinators of M. alternifolia. 
Chapter 7 investigates the possibility of producing hybrids between M. alternifolia and its 
close relatives, M. linariifolia and M. dissitiflora. 
Chapter 8 summarizes the results of Chapters 3 to 7, draws conclusions, and explains the 
implications of this study for M. alternifolia breeding programs. 
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Chapter 2: Literature review: Reproductive 
Biology of Melaleuca alternifolia 
This chapter reviews the current knowledge about the reproductive biology of trees in the 
family Myrtaceae. It reports mostly on the genus Eucalyptus, but includes information on 
Melaleuca where available, and other genera when appropriate. The efficient and successful 
conduct of a tree improvement strategy employing sexual reproduction requires species-specific 
information about both flowering and fruiting phenology, n oral development characteristics, 
pollen vectors and pollen dispersal, the sexual system, the mating system and its genetic 
consequences in terms of inbreeding, and inter-specific hybridisation and paternity relationships 
(Faegri and van der Pijl 1979; Sedgley 1986; Griffin 1989). For M. alternifolia, as for other tree 
species, knowledge of reproductive biology is fundamental to developing an efficient breeding 
strategy. Therefore, this chapter also reviews both the current state of knowledge of the 
manipulation of tlowe1ing in Myrtaceae by controlling environmental conditions, and of 
methods for controlled pollination, particularly of advanced methods which would reduce the 
cost of employing this technology. 
2. 1 Flowering phenology 
2.1.1 General background 
A detailed knowledge of a species' flowerin g periodicity and phenology is essential for 
estimating the likely reproductive success. Reproductive success can be predicted by 
understanding the phenological processes such as season, timing, duration and intensity of 
flowering and fruiting (House 1997). Information on time of flowering is important for both 
controlled pollination and controlled hybridisation (Sedgley 1986). Hence the investigation of 
phenology plays an important role in the population dynamics of plants, since the successful 
manipulation of crossing can be enhanced by improvement in or delay of fl owering (Griffin 
1980; Sedgley and Griffin 1989). 
The time, frequency and intensity of flowering vary within a species (Smith-Ramirez and 
Armesto 1994). This variation is due to genetic differences (Eldridge et al. 1993; Friede l et al. 
1993) also modified by abiotic and biotic factors (Keatley and Hudson 1998). Keatley and 
Hudson (1998) found the factors influencing flowering are: climate (photoperiod, temperature 
and precipitation); geographical influences of latitude, longitude and altitude; competition for 
pollinators, maternal resources and seed dispersal, life fom1, phylogenetic constraints, and 
inflorescence architecture . 
Boland et al. (1980) and Gunn (2001) give the flowering and seeding times for many 
Eucalyptus species in natural stands. These sources and other published information (Ashton 
12 
I 975b; Hodgson 1976; Griffin 1980; Law et al. 2000) show wide variation between species in 
time of flowering and its duration, time to maturation, periodicity in flowering levels, variation 
between locations, and variation between individuals in any one location. 
The induction of flowering of eucalypts has been attributed to climatic and geographical 
influences (Ashton I 975b; Griffin, 1980; Friedel et al. I 993). This is generally associated with 
the mean daily temperatures, day length, solar radiation, soil moisture and rainfall (Bolotin 
1975; Moncur 1992; Friedel et al. 1993; Southerton 2007). Sixteen-hour day lengths were found 
to significantly affect and lead to the precocious flowering of Eucalyptus occidentalis seedlings 
(Southerton 2007), a finding supported by an earlier study by Bolotin (l 975). However, 
flowering in eucalypts is generally not thought to be day length dependent (Paton 1978; Moncur 
1992). Low photoperiod effect on floral initiation has also been reported in E. landsdowneana 
and E. nitens (Moncur 1992; Moncur and Hasan 1994). 
For example, in E. coolabah, the interval between the formation of flower buds and seed 
shed is only a few months (Dec-Mar) (J. Doran1, pers com. 10 April 2006), while for species 
such as E. regnans this can take several years with multiple seed crops retained to build up a 
large store of mature seed in the crown (Cremer et al. 1990). Many species show genetically 
determined cycles in the number of flowers and fruits they produce and have ' seed years' when 
abundant crops are produced. This is every 2-3 years in species such as £. camaldulensis, E. 
grandis and E. saligna, and every 2-4 years in E. regnans (Boland et al. 1980). 
Intra-species variation in flowering times between locations is no better exemplified than 
by E. camaldulensis: September to November in the Kimberley, WA; May to August in North 
QLD; early September to December in NSW; April to December in the NT; mid August to 
December in South West QLD; and two flowering times a year in southern Australia (Gunn 
200 I). Tropical provenances of this species, planted as exotics in places like Thailand, have the 
abil ity to flower and fruit continuously in any season of the year (Wasuwanich 1989). Other 
examples of extended flowering periods are April to August for E. grandis, January to March 
for E. urophylla (Boland et al. 1980) and February to June for E. regnans (Griffin 1980). It has 
also been often noted that the main flowering periods for individual trees within any one 
population may be quite separate. 
2.1.2 Melaleuca 
Flowering periodicity and intensity m Melaleuca species are highly variable between 
species and sites (L. Craven2, pers com. 14 March 2006). The flowering period for M. 
alternifolia and three of its closest relatives usually takes place in spring to early summer (that 
is, October to November, with a peak in late October or early November for M. alternifolia; 
1 J. Doran, 10 April 2006. Reseach Fellow CSIRO, Canberra. 
2L. Craven, 14 March 2006. Senior researcher CSIRO Australian National Herbarium, Canberra 
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October to November for M. linariifolia and M. dissitiflora; and September to December for M. 
linophylla), while the flowering pattern for another close relative, M. trichostachya, is variable 
depending on provenance (the data base of the Australian National Herbarium'). 
Quinn and Barlow (1989) reported that flowering of M. alternifolia in its natural range is 
predominantly from October to November, occasionally extending to February. These natural 
patterns can sometimes be disrupted when plants are grown in exotic environments, for 
example, cultivated M. alternifolia in Western Australia flowers in June (J. Doran ', pers com. 
I 0 April 2006). 
Other examples of known flowering patterns in Melaleuca include those for M. 
quinquenervia and M. cajuputi subsp. cajuputi which are also source species for commercial oil 
production. Law et al. (2000) in a study of the flowering phenology of myrtaceous trees, 
reported on flowering patterns of M. quinquenervia in northern New South Wales. This species 
flowered 7 times in 10 years. Flowering season was from January to June, with a peak (defined 
as more than 50% of trees flowering) in March to April. Hendrati et al. (2002) reported the 
timing of flowering of the introduced species M. cajuputi subsp. cajuputi in a seedling seed 
orchard in Java, Indonesia. Flowering started in February at the end of the wet season, reached 
peak flowering in late March to early April, and terminated at the end of June. In southern 
Vietnam, the flowering season of M. cajuputi is from June to October (Schmidt and Thuy 
2004). 
Concerning age to first flowering, M. alternifolia planted in breeding populations in 
northern New South Wales (NSW) set the first flower buds as early as 2 years. However, the 
first "reasonable" flowering (defined as 45% of trees) did not occur until 3.75 years from 
planting (Doran et al. 2002). 
2.2 Floral development characteristics 
2.2.1 General background 
Amongst the Myrtaceae, detailed studies of floral morphology from fl oral initiation to 
pollination have been confined to the genus Eucalyptus, reviewed by Potts and Gore (2000). In 
most eucalypts, the flowers are bisexual (Boland et al. 1980). The eucalypt inflorescence 
consists of one, three, seven, eleven or more flowers arising in the axils of leaves, depe nding on 
species (Boland et al. 1980; Eldridge et al. 1993; House 1997). The colour of eucalypt flowers 
is mostly due to the stamens (Boland et al. 1980) . These are the most conspicuous part of the 
flower and are aimed at attracting pollinators (House 1997). Generally, each stamen consists of 
a filament bearing an anther at its top (Boland et al. 1980); the numbers of stamens vary within 
and between species (Moncur and Boland 1989). In the eucalypt bud, the stamens may be erect 
' Data accessed courtesy of L. Craven at The Austral ian National Herbarium, Canberra, 16 
March 2006. 
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before the operculum is shed. At this stage, the stigma is still unexpanded and not recepti ve 
(Boland et al. I 980; Eldridge et al. J 993). After the operculum is shed, filaments unfold and the 
anthers dehisce (Eldridge et al. 1993). The sequence of maturation of flowers within an 
inflorescence occurs over several days and varies within and between species (Griffin 1980). 
Davis (1968, 1969) examined floral development, and particularly the development of 
gametophytes, in E. melliodora and E. stellulata. Moncur and Boland ( 1989) conducted a 
further study of E. melliodora. They described the floral structure and the floral development of 
E. melliodora from operculum abscission (anthesis) to style abscission. Ashton (l 975a) 
undertook a floral phenology study of E. regnans which underlined the seasonal trends in the 
floral cycle. Hodgson ( 1976) examined the floral development of E. grandis, focusing on the 
timing of floral primordia initiation and other anatomical features including micro-sporogenesis, 
ovule structure and placement of the ovules and ovulodes. Boland et al. ( 1980) described the 
morphological development of inflorescences, flower buds and fruit leading to the development 
of mature seed in eucalypts. 
2.2.2 Melaleuca 
The floral characteristics of Melaleuca have been studied by Barlow and Forrester ( 1984). 
Melaleuca flowers are generally morphologically bisexual, consisting of an infe1ior ovary of 3 
carpels, with a relatively large number of ovules, and a single style and stigma (Figure 3.1). The 
sepals and petals are small, and the stamens mostly extend beyond the perianth. These are 
indefinite in number and are gathered in five bundles opposite the petals. Different size and 
number of stamen were identified among the following seven species: M. bracteata, M. 
cajuputi, M. hypericifolia, M. lateritia, M. leucadendra, M. nodosa, and M. scabra (Orlovich et 
al. 1999). In these species, the perianth whorls are pentamerous and the prestaminal bulges were 
initiated directly centripetal to each petal primordium. However, M. alternifolia was not 
included in the study by Orlovich et al. ( 1999). 
2.3 Pollen viability, longevity and stigma maturity 
2.3.1 General background 
In addition to knowledge of floral development, information about pollen and stigma 
maturity is also important in order to understand the reproductive biology of species. An 
efficient pollen management system that includes collection, storage and testing methods is 
required to produce high quality pollen for controlled pollination and thus for controlled 
pollinated seed production (Griffin et al. 1982). Published reports giving procedures for 
handling and storage of eucalypt pollen include those of Boden ( 1958), Pryor ( 1976), van Wyk 
(1977) and Griffin et al. (1982). Boden (1958) reported that the pollen of various Eucalyptus 
15 
species retains its viability for up to 12 months after collection, when collected at anthesis and 
stored in a deep freeze at -16"C. Similarly Griffin et al. ( 1982), in a study of E. regnans, 
reported high pollen viability after 12 months storage at - I 6°C. However, at room temperature, 
pollen of this species retained viability for only 36 days. 
Many variables in the reproductive phenologies of indi vidual flowers and fl owering 
populations determine the success of dispersal and receipt of polle n in angiosperms (O ' Brien 
and Calder 1993). For instance, temporal separation between the onset of stigma receptivity and 
pollen release may reduce the likelihood of within-flower interference between the androecium 
and gynoecium (Lloyd and Webb 1986). A stigma is receptive when it has the ability to suppo1t 
pollen germination, and the onset of stigmatic receptivity is accompanied by a number of 
changes occurring upon maturation of the stigma (Sanzo] and Herrero 2001) . 
In the Myrtaceae, stigmas are unspecialised and generally of the wet type (Heslop-Harrison 
and Shivanna 1977), with a sticky secretion usually accompanying the female stage of the 
flower. This occurs 2 days after anthesis (Anderson 1984; Sedgley 1989; David et al. 1993) in 
many species. For example, Davis ( 1968) reported that in £ . macarthuri, E. cinerea and E. 
occidentalis, the female phase generally begins approximately 2 days after anthesis, with pollen 
shed occurring in response to temperature and other environmental factors. 
The onset of stigma receptivity in Myrtaceae is variable between species. However, 
Hodgson (1976) studied stigma receptivity on the basis of seed yield and numbers of pollen 
grains in E. grandis, and found that maximum seed yield was obtained after cross pollination 
was done on the fifth day after anthesis, when the stigmas became swollen and sticky. 
Moreover, the number of germinated pollen grains increased rapidly when artificial pollination 
was undertaken from 2 to 4 days after anthesis. Griffin and Hand ( 1979) found that the 
optimum time for controlled pollination of E. regnans, in terms of seed yield per flowers 
pollinated, was 10 - 14 days after anthes is. Sedgley and Smith (1 989) found that both stigma 
secretion and ability to support pollen germination and tube growth increased after anthesis, 
reaching a peak at 7 days after anthesis in E. woodwardii. Page et al. (2006) found that, under 
glasshouse conditions, the optimum pollination period for Kunzea pomifera ranged from 2 to 11 
days after anthesis. 
In Myrtaceae, styl ar extension commonly occurs after anthesis, and coincides with the 
onset of stigma receptivity (Sanzol and Herrero 2001). This has been recorded in E. regnans 
(Griffin and Hand 1979); howe ver, it does not occur in E. melliodora (Moncur and Boland 
1989) or in £ . woodwardii (Sedgley and Smith 1989). Tt has been suggested that stylar extension 
is a mechanism favouri ng outcrossing by separating anthers and stigma during the fema le phase 
(Moncur and Boland 1989). 
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2.3.2 Melaleuca 
There is limited published information about pollen viability in Melaleuca and its 
longevity under different storage conditions. A report on viability of M. cajuputi subsp. cajuputi 
pollen using an agar medium showed that pollen was highly viable (66%) soon after collection, 
had 35% viabi lity after 3 months of storage in an air tight bottle in the refrigerator (3-5"C), but 
this had decreased to 4% viability after 4.5 months of storage (Hendrati et al. 2002). 
Storage trial of M. cajuputi pollen 
70% 
60% 
~ 50% 
:.c 40% 
Ill 30% 
> 20% 
10% 
0% 
0 3 4.5 
Storage time (month) 
Figure 2.1 Decline in pollen viability of M. cajuputi subsp. cajuputi over time 
when stored at 3-5°C 
Barlow and Forrester ( 1984) observed the stigma receptivity of Melaleuca spp, although 
not in M. alternifolia, using the stigmatic esterase test and found that the stigmatic papillae 
increase rapidly during one day after anthesis; hence, there is no strong separation of the male 
and the female phases of flowering . 
2.4 Environmental and artificial parameters promoting 
flowering 
2.4.1 General background 
The long generation time, particularly the long juvenile phase of woody perennials, 
impedes the progress of plantation improvement (Moncur 1998). Hence, in order to make rapid 
improvements in the quantity and quality of forest products through the deployment of 
germplasm of superior genetic quality, the plant breeder desires to reduce the period from 
flowering to seed germination in any one generation (Bonnet-Masi mbert and Zaer 1987; 
Moncur 1992; Williams et al. 1999b). 
Reducing the generation interval in some species can be achieved by inducing precocious 
flowering. Precocious flowering in plants has been achieved, first ly, by chemical methods 
including phytohormones and growth retardants; secondly, by manipulation of a plant's 
environment including accelerated growth, nutritional status, moisture stress, temperature; and, 
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finally, by physical methods such as vascular restriction , root growth control and shoot training 
(Ross and Parris 1985; Chalupka and Cecih 1997; Meilan 1997). 
Precoc ious flowering has now been induced in seedl ings of a number of species, including 
E. globulus (Hasan and Reid 1995) and Pinus taeda (Bramlett et al. 1995). These results on 
juvenile growth indicate that factors which control changes in the vegetative and reproductive 
phase can be manipulated independently. 
2.4. 1. 1 Environmental parameters 
In natural environments, floral buds of M. alternifolia generally develop in spring, with 
flowering predominantly from October to November, peaking in late October to early 
November (Doran et al. 2002); flowering occas ionally extends from July (G. Baker4 , pe rs com. 
18 September 2005) to February (Quinn and Barlow 1989), but this is unusual. 
However, there are very substantial differences in abundance of flowering between years 
and s ites, due to unknown causes; the peak of fl owering is also more variable than previously 
thought. For example, there are very substantial differences in age to first flowering and in 
abundance of fl owering between years and sites among populations at Coombell, Wyrallah, 
Wollongbar and West Wyalong (G. Baker5, pers com. 18 September 2005). The populations at 
Coombell, Wyrallah and Wollongbar are located in, or near (Wollongbar), the natural range of 
M. alternifolia (see Figure 1.2). The population at West Wyalong, far outside the natural range 
of the species, flowered at a much younger age than populations elsewhere (Table 2.1). 
The effect of low temperature on induction of floweri ng has been reported for woody 
perennial angiosperms (Jackson and Sweet 1972) and for herbs in deciduous forests (Tyler 
2001). Low temperatures have also induced floral initiation in some fruit and nut crop plants, 
for instance Citrus sinensis (Moss 1976), Litchi chinensis (Menzel 1983; Olesen et al. 2002), 
and Macadamia integrifolia (Stephenson and Gallagher 1986). Induction of floral buds in 
seedlings of Eucalyptus lansdowneana was promoted by transferring seedlings from a heated 
glasshouse (24/19 "C, day/night temperatures) to a cold regime (15/10 °C) for 5 or 10 weeks, 
and returning plants back to the warm conditions (24/19"C) (Moncur 1992). More recently, 
Gardner and Bertling (2005) showed that 25-50% of seedlings of E. nitens produce flower buds 
at four and five years after planting on a cold si'te at Blystaanhoogte, South Africa. Plants of £. 
nitens on other sites in South Africa rarely flower before the age of ten years (Eld1idge et al. 
1993; Swain and Chiappero 1998) . 
• G. Baker, 18 September 2005. Technical Officer, Tea Tree Breeding Project, Wollongbar 
Department Primary Industry, NSW. 
j Ibid 
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Table 2.1 Percentage of trees flowering by year in seed orchards of M. 
alternifolia in NSW (1994-2003) 
~Year SS/;~ SS0.1 
... i:... cso '' · S$01c SS02 $S02p 
'1 . .'·'. 
wyrai1a'it .~ r'ollongbar'., 
.; ·T ;~ Coorr)btl!ll ·i. ,W.ollongbar Wollongbar Wes~ . 
. "'"-'':· .. :;"·' ·~I • Wyalon~ " A,•~ ': •:. (%) (9/o) : (%) ;. ' ' (%) (%) 
-!,, 
.•:,'I :: 
·'1,. 
• 
(%) 
" 
1994 28 Planted 
1995 27 N/a Planted 
1996 89 N/a N/a 
1997 84 45 9 
1998 >80 35 67 
1999 99 37 49 Planted 
2000 33 <1 27 2 
2001 N/a <1 32 32 Planted Planted 
2002 N/a 83 64 33 6 48 
2003 N/a 1 39 6 37 50 
2004 N/a Nia 51 25 64 82 
2005 N/a N/a 75 37 46 98 
l 
Notes: SS is seed stand in a mature natural population; SS01 is first generation seedling seed 
orchard; CSO is clonal seed orchard; SSOlc is low cineole seedling seed orchard; 
SS02 is second generation SSO; and SS02p is partial second generation SSO; N/a is 
not assessed. 
Source: G. Baker6, pers com. 18 September 2005 (unpublished data) 
2.4. 1.2 Artificially promoting flowering 
Flowering can be promoted by artificial treatment using either chemical or physical 
methods. Chemical methods, for example, application of plant growth regulators, have been 
used successfully to enhance flowering and to control vegetative growth in a wide range of 
woody plant species, including fruit and tree nut crops and eucalypts (Williams 1972; Williams 
and Edgerton 1983; Moncur 1998; Swain and Gardner 2003). Gibberellic acid and 
paclobutrazol are the common chemicals reported to induce flowering. Gibberelli ns (Gas) are 
primarily known for their roles in seed germination and intemode elongation. They have also 
been used to stimulate precocious flower production in gymnosperms (Sedgley and Griffin 
1989). 
Paclobutrazol [(2RS,3RS)-1-(4-chlorophenyl)-4,4-dimethyl-2-( 1,2,4-triasol-I-yl) petan-3-
ol ] is a plant growth regulator belonging to the triazole growth retardant group (Hedden and 
Graebe 1985). It has been observed to increase reproductive output and control vegetative 
growth in fruit crops (Grossmann 1990), and is recognized as having the capability to induce 
precocious and abundant flower set without seed quality degradation (Williams et al. 1999b). 
6 G. Baker, 18 September 2005. Technical Officer, Tea Tree Breeding Project, Wollongbar 
Department Primary Industry, NSW. 
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According to Williams and Edgerton (1983), paclobutrazol was the first chemical growth 
retardant which was able to retard shoot growth in orchard tree species without phytotoxic 
effects on flowers or frnit s. Initially it was used as a means of che mically pruning fruit trees in 
orchards; it then become apparent that a secondary effect was flower induction, expressed 
during the foll owing growing season (Meilan 1997). Examples of its use include inc reased fruit 
set in pears (Raese and Burts 1983), increased numbers of fl ower buds in citrus species (Mauk 
et al. 1990), enhanced fruit production in apples (Turkey 1983; Curry and Williams 1983) and 
improved production of potatoes (Tekalign and Hammes 2005). 
Paclobutrazol is used as a management tool in many eucalypt seed production areas 
(Moncur l 994 ); for example, it is being used to induce and increase the amount of flowering of 
E. nitens in South Africa (Swain and Gardner 2003). Paclobutrazol application was initi ally 
tested in E. globulus to control vegetative growth (Hetherington and Jones 1990). It was later 
found that paclobutrazol application was able to reduce the concentration of endogenous 
gibberellic acid in apical tissue, and enhance the reproductive activity of E. nitens grafts, 
seedlings of various eucalypts and also in mature trees of E. globulus and E. nitens (Griffin et 
al. 1993; Hetherington and Moncur 1994; Moncur and Hasan 1994; Moncur et al. 1994; 
Williams et al. 2003; Gardner and Bertling 2005). Controlled crosses have been carried out on 
paclobutrazol-treated material of eucalypt species, as well as with pollen from these plants, 
without any detrimental effects (Moncur 1998; Moncur and Hasan J 994; Hasan and Reid , 
1995). 
Paclobutrazol has al so been shown to stimulate consistently greater seed crops than 
controls for up to five years after a single application (Reid et al. 1995), and induce E. globulus 
seedlings to flower earlier than normal (Hasan and Re id 1995). However, application of 
paclobutrazol to field grown E. polybractea ·and E. marginata did not promote precocious 
flowering in these species (Bush 1995; Wheeler 2005). 
2.4.2 Melaleuca 
Doran1 (pers com. 02 October 2004) tested the effect on spring flowering of 4-year-old 
potted and glasshouse grown M. alternifolia plants when treated with 3 levels of paclobutrazol 
in autumn 1992 against an untreated control (Figure 2.2, based on unpublished data, from 
Doranx). No control plants fl owered, but 57% of plants that had received 1.0 active ingredient of 
paclobutrazol flowe red; some quite heavily. A similar response was recorded by P. Warburton9 
(pers com. 25 July 2004). However, Doran et al. (2002) reported that field applications of 
paclobutrazol in a M. alternifolia seed stand and seedling seed orchard did not increase the 
1 J. Doran, 02 October 2004. Research Fellow, CSIRO, Canberra. 
' Ibid 
" P. Warburton , 25 July 2004. Technical Officer CSIRO Forest Biosciences, Cooroy, 
Queensland. 
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number of trees flowering nor the number of fl owers per tree, despite clear morphological 
effects in reduced internode lengths in both populations. Similarly, there was no success in 
stimulating flower production using paclobutrazol in a M. cajuputi subsp. cajuputi SSO in 
Indones ia (Hcndrati et al. 2002). 
Ol 60 
c 
50 -~ 
3 40 0 
<;:::: 30 <J) 
c 20 
"' 0. 10 .._ 
0 
~ 0 0 
control 
Paclobutrazol trial on M. alternifolia 
0.1 active 
ingredient 
0.5 active 
ingredient 
Treatments 
1.0 active 
ingredient 
Figure 2.2 Percentages of M. alternifo/ia plants flowering when treated with 
different rates of active ingredient of paclobutrazol (in a 
glasshouse) 
2.5 Self incompatibility system 
2.5.1 General background 
In most Myrtaceae, outcrossing has been shown to predominate (Eldridge et al. J 993). 
Outcrossing rates between populations and between individual plants within a population can 
vary (Patterson et al. 2004). For example, estimates of the outcrossing rate of eight individuals 
of E. globulus in a native stand were found to vary between 48% and 100% (Hardner et al. 
1996), compared to 92% for E. globulus in a clonal seed orchard (Patterson et al. 2004). 
Moran (1992) summarises published estimates of outcrossing rates in natural populations 
of Australian tree species from studies of allozyrne variation. His report showed that in general 
species had high rates of outcrossing (> 80%). For instance, estimates of outcrossing rates are 
85% for E. citriodora (Yeh et al. 1983), and 90% to 93% for E. urophylla (House and Bell 
1994; Gaiotto er al. 1997). However in some cases, the reported outcrossing rate has been much 
lower; for example, <50% was reported for E. pellita (House and Bell 1996). 
Protandry and protogyny reduce self- fertilization within hermaproditic flowers and have 
been cons idered to be mechanisms for avoiding effects of self-fertilization (Snow and Grove 
1995). Self incompatibility describes the inability of hermaphrodite plants to produce viable 
seeds upon self pollination (Agrawal 1988; Barret 1988). It is the principal mechanism 
preventing self-pollination in flowering plants (Barret 1988; Sedgley and Griffin 1989; de 
Nettancourt 200 1; Franklin-Tong and Franklin 2003; Takayama and lsogai 2005), and includes 
control of inbreeding by functional failure at both the prezygotic and postzygotic levels 
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(Sedgley and Griffin 1989). Generally, self incompatibility is due to the failure of selfed pollen 
grains to adhere to or germinate on the stigma, or the failure of selfed pollen tubes to penetrate 
the stigma or grow down the style (Richards 1997). Moreover, separation of the sexes on 
different plants, and mechanisms such as protandry, reduce self-fertilization by reducing the 
amount of self-pollination (Faegri and van der Pijl 1979; Pryor 1976). Bawa (1980) suggested 
that in self-compatible species, breeding systems with spatial separation of male and female 
gender may evolve to reduce stigma clogging with self-pollen. 
Flowers of many angiosperm species are well adapted to avoid self-pollination, for 
instance by temporal and spatial separation of pollen and stigma within the same flower. 
However, such adaptations do not necessarily prevent the transfer of pollen between flowers on 
the same plant (geitonogamy). Studies show that geitonogamy can be substantial compared to 
autogamy (Eckert 2000). If selfing occurs mostly through geitonogamy, geitonogamy is likely 
to be disadvantageous to outcrossing species. 
The level of self-incompatibility varies among the Myrtaceae. For example, Potts and 
Savva (1988) found complete sterility in £. morrisbyi with no seed production after self-
poll ination; Sedgley and Smith (1989) reported that E. woodwardii showed partial self-
incompatibi lity since self-pollination resulted in reduced capsule retention and seed 
development as compared with cross-pollination; this also occurs in E. grandis (Hodgson 1976). 
Sedgley and Smith (1989) concluded that the lack of seed set from self-pollination in E. 
woodwardii was due to a lack of penetration of ovules by the self pollen tubes rather than a 
post-zygotic mechanism. However, Griffin et al. ( 1987) and Ellis and Sedgley (I 992) described 
a post-zygotic mechanism operating in E. regnans, as well as in E. spathulata, E. cladocalyx 
and E. leptophylla. Pound et al. (2002a) reported that four of five trees of E. globulus ssp. 
globulus were either 100% self-incompatible or greater than 99% self-incompatible, indicating 
that a very strong mechanism was operating to prevent selfed seed from being produced. Pound 
et al. (2002a) concluded that self-incompatibility within Eucalyptus can be a complex 
mechanism. 
Knowledge of the levels and mechanisms of self-incompatibility is very important in 
breeding strategy and breeding activities. Selfing may result in inbreeding depression, generally 
by reducing the fitness of selfed progeny (Charlesworth and Charlesworth 1987). Inbreeding 
can cause reduced yields of viable seed, poor germination, segregation of deformed or 
chlorophyll-deficient seedlings, and varying degrees of reduction in growth (Franklin 1970). 
While strongly inbred plants will die or be culled at the nursery stage, this is less likely at lower 
levels of inbreeding, but effects are still quantitative and undesirable in terms of plantation 
productivity (Griffin 1990; Sedgley and Griffin 1989). In natural stands of eucalypts, related 
mating is a common occurrence, both through selfing and through the mating of neighboring 
close relatives (Eldridge et al. 1993). 
Detailed studies of the decrease in growth due to inbreeding depression have been made by 
comparing the growth of selfed, out-crossed and open pollinated progenies of E. grandis 
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(Hodgson 1976), E. gunnii (Potts et al. 1987), E. nit ens (Tibbits 1988b) and E. regnans 
(Eldridge and Griffin 1983; Griffin and Cotterill l 988). All these studies confirmed that self-
pollination produces fewer seeds, with reduced germination and slower growth of seedlings and 
young trees, compared with outcrossing. These findings show that inbreeding depression in 
trees is a potential source of reduced yield in plantations. 
2.5.2 Melaleuca 
Butcher et al. ( 1992) found that M. alternifolia had a very high outcrossing rate of 93%, as 
determined in a range-wide study using isozymes. Rosseto et al. (1999) also examined the 
genetic structure of M. alternifolia, using microsatelite analysis, and estimated an outcrossing 
rate of 86% for this species. This relatively high level of outcrossing suggests that mechanisms 
such as self-incompatibility or selection against inbreeds are operating to prevent self-
fertilization (Butcher et al. 1992; Beardsell et al. 1993). 
Barlow and Forrester (1984) studied self incompatibility in various Melaleuca species, 
although not in M. alternifolia, and found that self pollen tubes do not penetrate past the base of 
the style. Moreover, Doran and Moran (2002) reported using molecular techniques that the 
selfing rate in some crosses of M. alternifolia produced without emasculation varied from 5% to 
28%. However, they concluded that it was not yet clear whether or not the self-incompatibility 
system in M. alternifolia is a totally pre-zygotic mechanism. 
2.6 Pollination systems 
2.6.1 General background 
The aim of pollination management in breeding is to produce the optimal quality and 
quantity of seed (Sedgley and Griffin 1989). To actively manage pollination, it is necessary to 
understand the behavioural characteristics of the major pollinators of a species. This is as 
important as other aspects of reproductive biology (Frankie and Haber 1983). 
Pollinator visits to flowers are due to the flower producing a primary attractant, such as 
pollen, nectar, or oil and/or a secondary attractant, such as scent and visual cues (Sedgley and 
Griffin 1989). Nectar has been recognised as the most important floral reward, as it is a source 
of primary energy for pollinators (Ford and Paton 1986; Kearns and Inouye 1993). Observing 
nectar production within a population is important in understanding how floral display 
influences pollinator behaviour and reproductive success (Keams and Inouye 1993). Nectar 
production varies with time of day, generally due to environmental factors such as air 
temperature, relative humidity, soil moisture and amount of sunlight (Cruden et al. l 983; 
Rathcke 1992). It is recognised that temperature and rainfall can alter the concentration and 
amount of nectar in flowers (Dafni 1992). 
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In non-wind-pollinated species, flowers are visited by a variety of pollen vectors; however, 
they vary in effectiveness in removing and depositing pollen (Faegri and van der Pijl 1979; 
Carthew 1993). The feeding behaviour and the size of insect visitors, for example, influence the 
effectiveness of transferring pollen to the stigma (Sedgley and Griffin 1989; House 1997). 
Ineffective pollinators may reduce reproductive success, due to clogging the stigma with 
incompatible pollen (Waser 1983). Primack and Silander (1975) state that pollinator 
effectiveness depends on their ability to transfer pollen between stigmas, flowers and trees, and 
the frequency with which pollinators visit individual flowers. 
Pollinator foraging behaviour is often closely related to the local flower density (Levin 
1978; Zimmerman 1988). For instance, House ( 1997) reported for E. stellulata that total insect 
visitations in late peak flowering were higher than in early peak flowering. Trees that produced 
most flowers also attracted the largest numbers of visiting insects. 
There have been many studies of flower visitors and pollinators in Eucalyptus. Eucalyptus 
are mainly insect pollinated (Pryor 1951), although birds and small mammals are also reported 
to play a part (Christensen 1971 ). In this genus, pollen is unsuited for transportation by wind 
because it adheres in clumps (Ashton l 975b; Pryor 1976; Eldridge et al. 1993). Hodgson (1976) 
reported that the most important pollinators in E. regnans grown in South Africa are introduced 
honey bees (Apis mellifera), and similar results had been reported in Australia (Moncur et al. 
1995). A study of E. stoatei found that honeyeaters visit flowers and that about 18% of the 
movement of individual birds from one flower to another was between flowers on different trees 
(Hopper and Moran 1981 ). Ashton (I 975b) found that a wasp (Tiphiidae) appeared particularly 
attracted to nectar in myrtaceous flowers, including those of eucalypts. It is also reported that E. 
globulus spp. Globulus flowers are visited by a wide variety of birds as well as insects 
(Hingston and Potts 1998; Hingston et al. 2004b). 
2.6.2 Melaleuca 
A study of M. pauperiflora F. Muell in Western Australia and South Australia showed that 
jewel beetles are the pollinators of this species (Hawkeswood 1980). Occasional observation 
showed that pollination vectors of M. al1ernifolia are mainly insects, including honey bees (Apis 
mellifera) (M. Moncur10, pers com. 02 July 2004). However, no study has examined the 
relationship between the floral biology and visitation rates by pollinators, or their influence on 
seed production in M. alternifolia. Information on the capacity of various groups of animals to 
pollinate the flowers of M. altern(folia is required for management of seed orchards and for 
other breeding activities. 
10 M. Moncur, 02 July 2004. Senior Researcher CSIRO Division of Forest Research, retired. 
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2. 7 Hybridisation 
2.7.1 General background 
A hybrid is an acknowledged or confirmed cross between individuals of separate 
populations whi ch have differe nt adapti ve norms and which would be separated in ordinary 
taxonomic practice as readily definable phenetic species (Wagner 1968). Plant species 
hybridisation may occur naturally or artificially. Natural hybrids may occur (i) along species 
boundaries, as sporadic individuals, (ii) in hybrid swarms where hybridization has extended 
beyond the first generation, or (iii) in zones of introgression (Potts et al. 2001). 
However, there are several barriers to successful natural hy.bridi sation, such as geographic 
isolation of species in re lation to the effectiveness of pollination vectors, different flowering 
times of species, and prevention of pollen germination or hybrid embryo growth due to 
incompatibility mechanisms (Wright 1976; Grant 1981). Zobel and Talbert (1984) suggested 
that the most common barrier to natural hybridisation when related species co-occur is the 
different times of flowering. 
Artificial hybridisation is another means of creating hybrids. Artific ial hybridisation can be 
partitioned into interspecific hybridisation, which refers to hybridisation between two species in 
the same genus, and intergeneric hybridisation, which refers to hybridisation between species of 
two different genera (Agrawal 1988). Artificial interspecific hybrids have been used widely in 
forestry for many decades, in genera such as Acacia, Pinus, Larix and Eucalyptus (reviewed by 
Griffin and Cotte rill J 988; Nikles and Griffin 1992; Dungey 1999). Griffin et al. (1988) provide 
a detailed review 6f both natural and artificial hybridisation between species of Eucalyptus. 
Generally, those employing artificial hybridisation aim to produce a new genotype that 
incorporates desired characteristics from two species into a new single species that may or may 
not be found in nature (Briggs and Knowles 1967; Zobel and Talbert 1984; Potts et al. 2001 ). 
For instance, the development of interspecific hybrids of eucalypts in South Africa has three 
purposes: (i) to combine desired traits of two species; (ii ) to exploit hybrid vigor (heterosis) and ; 
(iii) to increase the adaptability of a eucalypt species to areas which are marginal for the parent 
species (Verryn 2000). 
Most hybrid determinations rn forest trees have been made using morphological and 
anatomical characteristics based on foliage and seeds or other reproductive structures. However, 
recent work has combined anatomical , morphological, molecu lar and chemical methods in order 
to identify hybrids . Hopper et al. ( 1978) suggested se ven crite ria for the identification of 
hybrids in natural populations of Eucalyptus. These are: 
• intermediate morphology; 
• phenotypic segregation in the progeny; 
• occurrence in sympatric parental stands ; 
• close resemblance between suspected and manipulated hybrids; 
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• occurrence in disturbed or relatively youthful habitats; 
• impaired reproductive capabilities of hybrids relative to parental individuals; 
• occurrence of interspecific pollen exchan ge by indiscriminant vectors in sympatry . 
In Eucalyptus, molecular markers have been used for confirming hybrid o rigins, 
understanding hybrid inviability and identifying compatible ind ividuals (Moran et al. 2000; 
Griffin et al. 2000). For example, isozyme analysis was used for verify ing in-situ F l 
hybridisation between £. nitens and native eucalypt species (E. ovata and £. viminalis in 
Tasmania (Barbour et al. 2002)). They found a high level of heterozygosity in the progeny of 
the hybrid (>80%). Microsatellite analysis and chl oroplast DNA were used to verify 
hybridisation between E. acmenoides and £. cloeziana in southeast Queensland (Stokoe et al. 
2001). They reported that high levels of polymorphism in microsatellite loci existed between E. 
acmenoides and E. cloeziana in the hybrid zone. 
2. 7 .2 Melaleuca 
Natural hybridisation in Melaleuca is restricted to within groups of closely related s pecies 
(L. Craven'', pers com. 14 March 2006). Several natural hyb1ids in the genus Melaleuca have 
been noted. Examples in the database11 of the Australian National Herbarium, CSIRO, Canbe1Ta, 
include M. arcana S.T.Blake x M. saligna Schauer in Queensland, M. bracteata F. Muell x M. 
styphelioides Sm in New South Wales, M. bracteosa Turcz. x M. pomphostoma Barlow in 
Western Australia, and M. la.xiflora Turcz. x M. spicigera S .Moore in Western Australia. 
Natural hybridization between M. altemifolia and M. linariifolia has long been suspected 
m tea tree populations near Port Macquarie, NSW. This suspicion has arisen due to the 
intermediate leaf morphology, the occurrence of transgressive oil components in leaves of the 
Port Macquarie population of M. alternifolia, similarities in oi l composition with M. linariifolia, 
and sympatry with M. linariifolia (Butcher 1994). Butcher et al. (1995) were able to confirm the 
hybrid status of the Port Macquarie populations in a study of relationships using chloroplast 
DNA. 
2.8 Advanced methods for controlled pollination 
2.8.1 General background 
Knowledge of the principles of artificial pollination and the techniques involved, are bas ic 
requirements for a plant breeder, since through the control led polli nation processes the greatest 
11 L. Craven, 14 March 2006. Senior researcher CSIRO Australian National Herbarium, 
Canberra 
12 Data accessed courtesy of L. Craven, The Australian National Herbarium, CSIRO, Canberra, 
22 March 2006. 
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possible genetic gains from selected trees can be achi eved (Agrawal 1988; Barbour 1997). 
Controlled pollination techniques have been documented for many commercially important 
species, such as hybridisation techniques for acacias (Sedgley et al. 1992) and techniques for 
pollinating eucalypts (Moncur 1995). 
Traditional controlled pollination (TCP) of eucalypts has been carried out for at least the 
last fifty years (for example, by Pryor in 1951). The established technique for controlled 
pollination of eucalypts requires at least three visits to a sample tree: (I) removal of open 
flowers and young flower buds, followed by emasculation of flowers about to open and 
exclusion bagging to prevent contamination of these flowers with non-target pollen; (2) 
pollination at the time of maximum stigma receptivity, involving removal of the bag, 
application of pollen to the stigma and re-bagging; and (3) de-bagging after fe1tilisation, 
generally a week or so after pollination (Meskimen 1965; van Wyk 1977; Moncur 1995; 
Baskorowati 2006). 
This technique is based on two major assumptions (Harbard et al. 1999, 2000): that 
allowing the natural process of stigma maturity and receptivity to proceed is important; and that 
isolation of flowers by bagging is the best way to protect flowers from pollen contamination. 
This process is time-consuming and costly, especially if it needs to be performed at a great 
distance from the normal base of operations (Williams et al. 1999a). 
Several modifications to the traditional controlled pollination method (called 'advanced' or 
'smart' methods) have been developed, and have the potential to reduce the number of 
operational visits to the female tree from three to one. The first modification was tested on E. 
grandis (Hodgson 1976); thi s demonstrated that some seed set occurs when pollen is applied to 
the dry or non-receptive stigma, although the number of seed set is reduced. 
The second modification was developed by Barbour ( 1997) in £. globulus, and is known as 
single flower controlled pollination. This method involves two visits to inflorescences: (i) 
emasculation of ripe flowers followed by fitting a small piece of plastic tube over the style, 
pinched closed at the apex; (ii) pollination occurs when stigma is receptive by removing the 
tube, applying pollen, and re-fitting the tube. After fert ilisation, the style dries up and falls off 
together with the tube. The average seed production by the single flower controlled pollination 
method is 25 seeds per capsule compared to 10 seeds per capsule produced by open pollination 
(Barbour 1997). 
The third modification, known as one-stop pollination (OSP), was developed by Harbard et 
al. (1999, 2000) and Williams et al. ( 1999a) in E. g lobulus. It requires a single visit to fl owers. 
OSP involves emasculation of the flower at anthesis, fo llowed by slicing the style just below the 
stigma to provide a site for pollen adherence. Then pol len is applied to the freshly-cut style 
surface, and the style covered with plastic tubing for isolation. The seed yield achieved of 26 
seeds per capsule per flower pollinated is as high as that resulting from the traditional method 
(Williams et al. J 999a) and single flower controlled pollination and much superior to open 
pollination of E. globulus (Harbard et al. 1999). Moreover, total man-hours to pollinate 1000 
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flowers using OSP is half that required for TCP (Harbard et al. 1999), and hence the cost per 
seed produced is correspondingly reduced. 
The most recent modification of controlled pollination of Eucalyptus is A1tificially 
Induced Protogyny (AIP), introduced for breeding E. grandis and E. urophylla in Brazil by 
Assis et al. (2005). AIP does not require emasculation, but involves cutting off the tip of the 
operculum of the mature flower bud just prior to anthesis, then applying the pollen to the 
exposed cut surface of the upper style. Assis et al. (2005) found that AIP and OSP produce 
similar rates of capsule retention and seed yield per capsule. In addition, AIP was clearly more 
pro~uctive than OSP in terms of seed produced per hour of operator effort. 
2.8.2 Melaleuca 
All of the methods discussed above have been developed to reduce the cost of controlled 
pollination programs, especially in Eucalyptus. There has been no detailed study to find the 
most productive and cost-effective controlled pollination methods for Melaleuca. To date, the 
procedure for controJled pollination in Melaleuca has been adapted from the traditional 
controlled pollination methods for eucalypts, as described by Moncur (1995) and modified from 
hybridization methods for Acacia, as reported by Sedgley et al. (1992). For instance, these 
traditional methods were applied in controlled pollination of M. alternifolia and M. cajuputi 
subsp. cajuputi (Doran et al. 2006; Hendrati et al. 2002). There has not yet been any 
development of modified pollination methods for melaleucas. 
2.9 Conclusion 
Reproductive biology of M. alternifolia is not yet fully understood, and has been little 
explored to date. For instance, detailed assessment of floral biology, including pollen and 
stigma maturity and seed development, has not been conducted for M. alternifolia. No study has 
examined the relationship between the floral biology and visitation rates by pollinators and their 
influence on seed production in M. altemifolia; the mating system of M. alternifolia is also 
relatively unknown. 
While the work conducted among other genera and species, pa1ticularly in species of 
Myrtaceae, is valuable in suggesting breeding mechanisms and technologies, specific 
knowledge on these aspects for M. altemifolia is lacking. Such knowledge is valuable not only 
in its own right, but to inform and faci litate breeding strategies and techniques. The remainder 
of this thesis describes the conduct of the research and the results, obtained with these purposes 
in mind. 
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Chapter 3: Floral Morphology and 
Development of M. alternifolia 
3. 1 Introduction 
A number of studies have investigated the reproductive biology of various species of 
Melaleuca, but they have been limited in scope. The floral characteristics of six Melaleuca 
species (M. cordata, M. nemathophylla, M. hypericifolia, M. thymifolia, M. capitata and M. 
radula) and the floral development of seven species (M. bracteata, M. cajuputi, M. 
hypericifolia, M. Lateritia, M. leucadendra, M. nodosa and M. scabra) were reported by 
Orlovich et al. (1999). However, there have been no published studies of the reproductive 
biology, including the floral morphology and development, of M. alternifolia, despite the 
commercial importance of this species and the resultant tree improvement programs currently in 
progress. 
As discussed in Chapter 2, the parameters characterising reproductive biology which need 
to be assessed for tree improvement programs are floral development characteristics, flowering 
and fruiting phenology, pollen vectors and pollen dispersal, the sexual system, the mating 
system and its genetic consequences in terms of inbreeding, and inter-specific hybridisation and 
paternity relationships (Faegri and van der Pijl 1979; Sedgley 1986; Griffin 1989). Floral 
structure and other mechanisms, including genetic self-incompatibility, determine the 
pollination and the mating system of a species (Percival 1965; Lloyd and Barrett 1996). 
Therefore, knowledge of floral development, including such factors as the pattern of stigma 
receptivity and those influencing pollen viability, is essential for any breeding program. This 
chapter will present the results of observations and experiments investigating the floral 
morphology and development of M. alternifolia. The aims of this series of observations of and 
experiments with M. alternifolia were: 
l . to describe the floral structures and fl oral development; 
2. to describe the phenology of frniting and examine the number of seed set per capsule; 
3. to determine when stigmas are receptivite to pollen, and; 
4. to determine pollen morphology and pollen longevity in storage. 
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3.2 Materials 
Plant materials used in the studies and reported in their sub section s are summarised in 
Table 3.1 . The numbers of samples selected for examination in each subsection are provided in 
in Methods (section 3.3). 
Table 3.1 Plant materials used for the study of floral structure and development 
of M. a/ternifolia 
,, 
, i Objectives Subsection 
"i;~~- r .: \ ~; ~.; ~ •' 
1. Describing 3.3.2.1 
floral 
structures 
and floral 
development 
2. Describing 3.3.2.2 
the 
phenology of 
fruiting and 
examining 
the number 
of seed set 
per capsule 
3. Examining 3.3.3.1 
stigma 
receptivity 
4. Determining 
pollen 
morphology 
and pollen 
longevity in 
storage 
3.3.3.2 
3.3.4.1 
3.3.4.2 
l 
" 
' I 
' 
•, .. . . ' 
! Material~· 
•. " 
.. 
,, i, '( •. !•.;; 
Assessment of floral development using Scanning 
Electron Microscope (SEM): 3-year-old ramets of 5 clones 
(numbers BA 31/1/3, BA 33/1/4, DP 2/2/5, CA 48/2/5, CD 
6/1/2) of M. a/ternifolia growing in an ANU glasshouse 
Monitoring the stages of floral development: 5-year-old 
trees of M. alternifo/ia in four open poll inated families 
(numbers 20, 17, 15 and 35) growing in second 
generation West Wyalong Seedling Seed Orchard (WW 
SS02p) 
Observation of capsule development: 3-year-old trees of 
M. alternifo/ia in three open poll inated families (numbers 
12, 43, and 57) growing in WW SS02p 
Observation of the number of seeds per capsule: the 
same 5-year-old trees of M. alternifolia as specified in 2.1, 
and an additional family (54) 
Examination of stigma receptivity based on fru it set: 4-
year-old trees of M. alternifolia in one open pollinated 
family (number 17) growing in WW SS02p 
Examination of stigma receptivity based on pollen tube 
growth: three 2-year-old ramets of M. a/ternifo/ia clone 
number C2 growing in an ANU glasshouse 
Assessment of pollen morphology using SEM: 3-year-old 
ramets of M. alternifofia in five clones (numbers BA 31/1/3 , 
BA 33/1/4, DP 2/2/5, CA 48/2/5, CD 6/ 1/2) growing in an 
ANU glasshouse 
Assessment of pollen longevity: four trees of M. alternifofia 
in plantations adjacent to WW SS02p 
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3.3 Methods 
3.3.1 Preliminary study 
The objectives of the preliminary study were to identify the time of flowering and the time 
at which flowers reach maturity as the basis for more detailed subsequent studies. This study 
was undertaken in spring (October) 2004 and used clonal plants in an ANU glasshouse 
(Material 3.3.2.1 in Table 3.1). In this study, 5 advanced buds on each ramet of 5 clones of M. 
alternifolia were randomly selected and tagged. An advanced bud is defined as a bud with 
creamy coloured petals, and with the petals beginning to split apart (see Figure 3.3.A). Daily 
observations were undertaken over one week to record the date of fl ower opening and of flower 
maturity, which was indicated by pollen shed and stigma exudate. To record pollen shed and 
stigma exudates on daily observations for up to 7 days, 3 buds selected randomly on each 
tagged ramet were collected and viewed under a microscope at 40X magnification. 
Results from this preliminary study showed that the corolla of advanced buds (at 0 hours) 
begins to open after 6 hours, and the time to flower opening, from the first stamen uncurling to 
all stamens uncurled for a single flower, is only 24 hours. Most flowers are receptive on the 
second day after opening (see Figure 3.3.D). Therefore, in subsequent studies, 'anthesis' was 
defined as the time at which all stamens had unfolded. Flowers were defined as mature two days 
after an thesis. 
3.3.2 Floral structure and floral development 
3.3.2. 1 Structure and stages of floral development 
Bud samples (I 0 buds per clone) were randomly selected and labelled from 3-year-old 
ramets derived from stem cuttings of fi ve clones (BA 311113, BA 33/1/4, DP 2/2/5, CA 48/2/5, 
CD 6/l/2) located in an ANU glasshouse. Details of the glasshouse site are given in Chapter 1. 
During October and November 2005, the labelled buds were collected at regular intervals (every 
two days for three weeks), representing each stage of development. Newly collected samples 
were viewed using scanning electron microscopy (SEM). 
Samples for SEM were prepared following a cryo-SEM method (Craig and Beaton 1996; 
R. Heady13 , pers com. 20 February 2005). In this method, freshly sampled material was attached 
to a mounting plate using tissue freezing medium and rapidly frozen by plunging into liquid 
nitrogen slush at -230"C. The plate with the attached sample was then inserted into the 
preparation chamber of an Oxford CT1500 Cryo Preparation System and slowly warmed to 
-80"C in order to remove ice crystals on the surface of the specimen. The frozen sample was 
then coated with a 10 nm layer of gold, transferred to a cryo stage at -185"C, when it was fitted 
" R. Heady, 20 February 2005. Visiting Fellow FSES, The Australian National University, 
Canberra. 
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inside the chamber of a Cambridge Instruments S360 SEM. These samples were viewed at 15 
kV imaged using a Joel JSM-35 SEM, producing pictures for examination. 
As the clones were glasshouse-grown and had been treated with paclobutrazol to stimulate 
flowering, they may differ from wild plants in their periodicity of fl oral development. 
Observations of individual development of flowers were therefore, also undertaken at WW 
SS02p, on plants not treated with paclobutrazol. Site details are given in Chapter 1.6. 
During November 2006, one tree in each of four families at WW SS02p was selected for 
detailed observation of floral development: observations included visual assessme nt and 
measurement. Families with advanced bud stages were selected; these fami lies were numbers 
20, 17, 15 and 35. One flower at the advanced bud stage in each of 20 inflorescences on each 
tree was randomly selected and labelled. The 80 labelled flowers (twenty flowers per family by 
four families) were observed every two hours during day time for three days, to obtain 
information on the characteristic of stamens development; and daily for two weeks, to obtain 
information on the characteristics listed in Table 3.2. 
In order to observe the stigma secretions under SEM, at the same time at least 50 flowers 
were randomly tagged, recorded and collected at each of the different stages of flower opening. 
The stages of opening time are: anthesis, and 1-, 2-, 3-, 4-, 5-, 7- and 10- days following 
anthesis. 
Table 3.2 Floral characteristics and observation methods for individual flowers 
of M. alternifolia 
. ~haracteri~~l~ l?t>served ;, r;. .. Unit .:'.~. . Tool~ for observation . ~ z~ .. · ~-~-·: .. 
. i : I .. · 
. l '· ~1!·'.·{ :~: : ·- ~ .... ' . (· ... ; .. :. · .. . :·1 •• ~·?~ .. -:;- : .... ;f; ~c J". ..:._~(.,~~.:.i::~,,. t., ,t ... ,r -~ -\~. ~ ..... ~:·?::) · \~·; \"h .... ,. . . 1: 
First stamens unfold hour 1 OX hand magnifier 
All stamens unfold hour 10X hand magnifier 
Anthers dehisce day microscope with 40X magnifier 
First stamens abscise day 10X hand magnifier 
All stamens abscise day 1 OX hand magnifier 
All flowers are open in an inflorescence day 1 OX hand magnifier 
Stigma secretion day microscope with 40X magnifier 
and a SEM 
In addition, the same 80 flowers (20 flowers by 4 families) were also used as the basis for 
the measurement of floral organs. Measurements were carried out when all flowers reached 
maturity. Measurements were made of the characteristics listed in Table 3.3. 
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Table 3.3 Characteristics of floral organs measured in inflorescences at 
maturity 
'Ctiar~cteristic otlserved 
I ~ ~ . . ~ '. i ' ; ; . ' ' ;.- 1 • 
Diameter of hypanthium (advanced bud) 
Length of inflorescence 
Length of style 
Length of stamen 
Number of stamens per flower 
Number of flowers per inflorescence 
Number of ovules 
'I. 
I 
Unjt Tools fof observation ;;'-~(, 
1, 
mm Digital calliper 
cm Scientific ruler 
mm Scientific ruler 
mm Scientific ruler 
number Count under 1 OX hand magnifier 
number Count 
number Count under a microscope with 
40X magnifier 
3.3.2.2 Capsule development and numbers of seed set 
In November 2004, 3 trees of 3 open pollinated families (numbers 12, 43 and 57) which 
had an abundance of flowers at WW SS02p were selected for observations of capsule 
development. On each tree, five inflorescences having immature buds were randomly selected 
and labelled. Capsule development was observed in December 2004 (at 1 month old), 
November 2005 (at 11 months old), and November 2006 (at 24 months old) by measuring the 
diameter of the capsule with a digital calliper and observing the significant morphological 
changes. 
As discussed in Chapter 2, maturation of fruit in M. alternifolia takes 16 to 18 months 
(Doran et al. 2002). Therefore, in November 2006, 120 sample packets (each packet consisting 
of 5 capsules at 24 months-of-age from the 2004 flowering seed crop) were collected at West 
Wyalong SS02p. Those sample packets were taken from 12 trees (3 trees from each of 4 open 
pollinated families numbers 12, 43, 54 and 57) x 10 samples per tree. 
Because of the difficulties of determining the total number of seeds within a capsule the 
number of seed set is assumed to equal to the number of seed germinating. The seed 
germination study to determine the viable seed set (number of seeds per capsule from open 
pollinated fl owers) was can-ied out from Febrnary to March 2007 at the Australian Tree Seed 
Centre (ATSC), CSIRO Forest Biosciences, Yarral.umla, Canberra. Capsules from each sample 
packet were dried at room temperature and the capsules and other debris removed by sieving 
us ing a I mm sieve, to leave a mixture of seed and chaff. Turnbull and Doran ( 1987) noted that 
the majority of myrtaceous species, such as species of Eucalyptus and Melaleuca, have very 
small seeds of irregular shape, which make it difficult to precisely separate pure seed and chaff. 
In M. alternifolia, because of the small size of the seeds and because the seed and chaff are the 
same colour, it proved impossible to reliably separate seed from the chaff even under the 
microscope, so the entire mixture had to be sown for seed germination testing. 
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The seed and chaff of each sample (the content of 5 capsules) were sprinkled on moist 
Whatman filter paper on top of 30 ml of A-grade vermiculite in a 90 mm glass petri dish, to 
which 28 ml of gel-filtrated water was added. All 120 petri dishes were placed in a germination 
cabinet set at a constant temperature of 25"C with J 2 hours of light per day. Gcnnination counts 
in any dish commenced when the first cotyledons emerged, usually on day four. Healthy 
germinated seedlings were recorded on a daily basis up to day 42. 
A three-dimensional experimental design was required in order to adjust for possible 
variation between rows and columns within each cabinet and between shelves. Since the 
germination cabinets only accommodated 20 dishes on a shelf, six replicate latinized row-
column designs were generated using the software package CycDesigN. This experimental 
design was provided by Emlyn Williarns14 and is given in Appendix I. 
3.3.3 Stigma receptivity 
Stigma receptivity can be determined by examining characteristics such as (a) the number 
of fruit and seed set following compatible pollination (Holmes 2000); (b) the length of 
compatible pollen tubes growing down the stigma (Oddie and McComb 1998); and (c) 
peroxidise activity of the stigma at different times after anthesis (Holmes 2000). In this study, 
the first two of these methods were used to determine the period of stigma receptivity . 
3.3.3. 1 Stigma receptivity on the basis of fruit set 
Jn November 2005, one sample tree of family number 17 at WW SS02p, which had at 
least five hundred flowers, was chosen for stigma receptivity observation. During November 
2006, three more sample trees (one each of family numbers 12, 17, 45) were added to the 
sample for stigma receptivity observation. 
On every sample tree, a minimum of 50 inflorescences bearing in aggregate at least four 
hundred and fifty flowers were emasculated and isolated by covering the flowers using 
pollination bags 15 • The emasculated flowers were then pollinated at various times (day 1, 2, 3, 
4, 5, 6 and 7) following anthesis; pollen used were collected from unrelated families. Traditional 
controlled pollination methods (described in Appendix 6) were used for pollen delivery. The 
numbers of capsules set were counted and capsules were harvested in March 2007, 16 months 
after pollination. 
The pollinations carried out on the 3 sample trees emasculated in November 2006 failed 
due to the drought. Since there was no rain during bud development, a large number of buds 
•• E. Williams. Statistical Consultant, The Statistical Consulting Unit, The Australian National 
University, Canberra. 
1 ~ Pollination bag type PBS 10-1, size 255 x 510 mm, window size 120 x 120 mm manufactured 
from non-woven polyester by PBS International Plant Breeding Supplies, UK. 
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aborted; therefore, the results presented here originate from one sample tree only. This 
necessitated the use of a second technique (see 3.3.3.2) to verify those results within the time 
limits of this study. 
3.3.3.2 Stigma receptivity on the basis of pollen tube development 
In October 2007, three ramets of clone number C2 growing in an ANU glasshouse which 
had abundant flowers were chosen for stigma receptivity observation on the basis of pollen tube 
development. On each of the 3 trees, a minimum of 11 inflorescences at the same stage of 
flower development (1 day before anthesis) were e masculated and isolated using a pollination 
bag, then the emasculated flowers were pollinated at various times (anthesis, day 1, 2, 3, 4, 5, 6, 
7, 8, 9, 10 following anthesis). A pollymix comprising pollen from 4 unrelated families 
collected from West Wyalong SS02p in 2006 was used in this study. Techniques for 
emasculat ion and pollination followed the methods described in Appendix 6. 
The pollinated stigmas were then harvested 5 days after pollination. Each sample was 
placed in Carnoy's fixative (6 : 3 : l absolute ethanol : chloroform : glacial acetic acid) for at 
least 24 hours, and the fixed material was then dehydrated through an alcohol series (90%, 70% 
and 30%). The stigmas were then softened in 0.1 N sodium hydroxide at 60''C for a minimum of 
5 hours, stained with decolourised aniline blue overnight (Martin 1959), and prepared for 
observation under a fluorescent microscope. 
3.3.4 Pollen morphology and pollen longevity 
3.3.4.1 Pollen morphology 
In November 2005, fresh samples of pollen were obtained from five flowering clones (BA 
31/1/3, BA 33/1 /4, DP 21215, CA 48/2/5, CD 6/ 1/2) growing in the ANU glasshouse. Fresh 
pollen was obtained by tapping and rolling mature anthers onto double-sided adhesive tape. The 
pollen was then prepared for a cryo-SEM observation using the method (Craig and Beaton 
1996) as described in section 3.3.2 . .I. 
3.3.4.2 Pollen longevity 
During November 2006, pollen samples for pollen viabili ty assessment were collected 
from 4 sample trees located in commercial plantations at West Wyalong, NSW, adjacent to WW 
SS02p. Few trees were fl owering in the plantation during November 2006 because of the 
prolonged and severe drought. The origin of the commercial trees is unknown. The distance 
between pollen parents was more than 500 m. Methods for pollen collection, extraction, storage 
and viability testing are described below. 
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3.3.4.2.1 Pollen collection 
Pollen was collected in November 2006 by isolating branches carrying mature flower buds 
using pollination bags 16 • To produce uncontaminated pollen, all open flowers were removed 
prior to bagging to isolate mature buds. The day after bagging, branches were harvested then 
transported to Canbe1Ta where they were placed in buckets with water covering their freshly cut 
ends. Subsequently, open flowers in the bags were picked and placed onto sterile petri dishes, 
labelled and dried in a freeze drier for 24 hours. 
3.3.4.2.2 Pollen extraction 
Methods for pollen extraction in this study were modified from those used for extraction of 
pollen of Acacia species (Sedgley et al. 1992). Dried flowers from each sample were placed into 
a 50 mm sieve and crushed using a paint brush to remove the larger debris. The pollen in the 
mixture with the small debris was sieved through a 53 µm sieve to clean the pollen. Pollen from 
the four sample trees was then bulked. A black glass surface was placed below the 53 µm sieve 
so that clean pollen, which is creamy yellow in colour, could be easily seen. Pollen was picked 
up with a toothpick and placed into small sterile airtight vials and clearly labelled. All the tools 
and the desk were sterilized using 100% ethanol before extracting another sample, to avoid 
contamination. Dried pollen was then tested for moisture content using the low constant 
temperature oven method (Gunn 2001). A total of 20 alluminium dishes, each containing 0.1 
gram of bulked pollen, were used to test the moisture content. 
3.3.4.2.3 Pollen storage treatments 
Pollen samples in tightly sealed glass vials were stored at each of the following 
temperatures: at room temperature (2 L-24°C), in a refrigerator (3-5"C); and in a deep freezer 
(- 1 8°C). Pollen was tested for germination rate after being stored for I, 14, 26, 38 and 52 weeks. 
Fifty vials each containing small amounts of pollen were placed into the 3 different temperature 
storages; ten vials were taken from each storage regime at each allotted time for pollen 
germination testing. 
3.3.4.2.4 Pollen germination testing 
Pollen viability was tested using liqu id medium in-vitro techniques (Griffin et al. 1982) . 
Pollen was incubated at 25"C in a solution of 30% sucrose to which was added 150 ppm of boric 
acid. Approximately 0.2 ml of the solution was transferred into a vial, and then a small amount 
of pollen, picked up using a toothpick, was added to the vial. The vials were shaken, labelled 
16 Poll ination bag type PBS 10-1, size 255 x 510 mm, window size 120x120 mm manufactured 
from non-woven polyester by PBS International Plant Breeding Supplies, UK. 
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and incubated at 25"C. Germination was recorded after 24 hours by counting the pollen grains 
on a standard grid (one millimetre square) under a microscope at 40X magnification. The pollen 
grain is considered germinated if the pollen tube is twice the diameter of the pollen grain 
(Owens et al. 1992). The percentage of germinated grains was determined by counting 4 pollen 
samples per treatment. 
3.4 Statistical Analysis 
The statistical analyses applied to each of the data sets generated are summarized in Table 
3.4. The objectives correspond to those listed in Table 3.1. 
Table 3.4 Statistical analyses of data describing floral morphology and 
development of M. alternifolia 
.. ....... "' "' ~·'·· '"' Objective of . ~"f ~<r 
I i~ ~~I 
. I . .. , .. , "' ~ ana ys1s .. , , ,,v~ .~ ;,. 
Describing floral 
structures and floral 
developments 
Examining the 
number of seed set 
per capsule 
Examining stigma 
receptivity 
Determining pollen 
longevity in storage 
Measurement and counts of floral One-way ANOVA 
characteristics and floral organs of 80 
inflorescences 
Data on the length of inflorescence, 
diameter of hypanthium, number of flowers 
per inflorescence, the length of style, the 
length of stamens, number of stamens per 
flower and number of ovules per capsule 
were used as response-variates and the 
family as treatment 
Germination rate from 120 samples (4 
families x 3 trees x 1 O dishes as replications 
with 5-capsule sample in each dish) 
Data on viable seed (germination rate) were 
used as response-variate with families as 
fixed effect 
Counts of the number of pollen tubes under 
fluorescence microscope 
The number of pollen grains was used as 
response-variate with time of hand 
pollination as fixed effect 
Count the number of capsule set 
Pollen germination at 5 time intervals and 3 
storage temperatures 
The germination rate was used as 
response-variate with time interval and 
storage time as fixed effects 
General linear 
regression using 
REML 
General linear 
regression using 
REML 
General linear 
regression using 
REML 
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3.5 Results 
3.5.1 Floral structure and floral development 
3.5.1.1 Structure and stages of floral development 
3.5.1.1.1 Structure 
The floral structure of M. alternifolia is illustrated in Figure 3. 1 (see also Figure 3.3.D). 
Each flower consists of 4 petals, 4 sepals, and 5 stamina! columns from which numerous anthers 
are attached by short filaments. Each flower also comprises a small stigma, the female organ, at 
the end of the style, and 3 carpels with numerous ovules. Among the four fam ilies observed, 
there were no significant differences found (p < 0.05; t test) in the length of inflorescence, 
diameter of hypanthium, number of flowers per inflorescence, the length of style, the length of 
stamens, number of stamens per flower or number of ovules per capsule. The dimensions for 
key floral characteristics of M. alternifolia are given in Table 3.5. 
Observations show that the inflorescence of M. alternifolia is a spike (Figure 3.2) and the 
development of inflorescences and flowers is not synchronous within a branch of one tree. The 
development of an individual flower within the inflorescence is acropetal; hence the fl owers 
mature at different rates. The mean number of buds on each inflorescence is 17 .5 ± 1.5, with the 
mean diameter of buds just prior to flowering being 2.27 ± 0.35 mm (Table 3.5). 
anthers 
if ~ 
carpel ovules 
Figure 3.1 Floral structure of M. a/ternifolia, scale 14:1mm 
Source: Illustration by Teguh Triono, 2005 
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Figure 3.2 Inflorescence of M. alternifolia, scale c. 2:1 mm 
Source: Illustration by Teguh Triono, 2007 
Table 3.5 The dimensions of key floral characteristics of M. alternifolia (sample 
size= 80) 
I Mea;~rement . .. ' ~~ Standard err~~ . , . Unit Mean 
. '. .' 
.·! 
,•'' 
Length of inflorescence cm 5.4 0.36 
Diameter of hypanthium (bud) mm 2.27 0.35 
No. of flowers per inflorescence count 17.5 1.52 
Length of style (3 days after anthesis) mm 4.31 0.30 
Length of stamens mm 1.72 0.06 
No of stamens per flower count 252.9 0.95 
No of ovules per flower count 174.9 5.38 
3.5.1. 1.2 Stages of.floral development 
Based on the observations at WW SS0 2p, flower and fruit development of M. alternifolia 
can be divided into 8 stages, which can be grouped into 3 phases: pre-anthesis, anthesis and 
post-anthesis. The stages of floral development of M. alternifolia at WW SS02p are given in 
Table 3.6. 
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Table 3.6 Stages of floral development of M. alternifolia at WW SS02p 
~ ,:~;1~·.t ... '-;;, ;\,• .•. . No of w~e~s :. . . .. ·~ . .,.· ·~. ,J· -·~, .., • >,,•r• Phase $~age · . Descriptio~. I 0 ): ·1' i. T.ime (month ·· · fro'ri bud 
'I I 
and year) · initia,ion 1' . ·-
Pre - 1 Bud initiation; visible young leaves; no Early 0 
anthesis inflorescence September 
(year 1) 
2 First appearance of inflorescences End of 3-4 
September 
(year 1) 
3 Developing inflorescences with End of October 7-8 
individual buds apparent as elongation (year 1) 
occurs 
Anthes is 4 Developing inflorescences with Second week of 9-10 
individual flowers at pre-anthesis and November 
anthesis (year 1) 
5 Developing inflorescences with all Third week of 11 -12 
flowers open (anthesis) November 
(year 1) 
Post- 6 Developing inflorescences with the End of 13-14 
anthesis petals and stamens dehisced November 
(year 1) 
7 No flowers, only developing young fruit Early January 15 - 16 
(year 2) 
8 Capsules ready for harvesting March - May 
(year 3) (16 to 
18 months after 
Stage 5) 
3.5.1.1.2.1 Floral buds 
At WW SS02p, bud fonnation usually starts in early September, when barely visible 
flower buds first appear in the axils of young leaves (Stage 1). The differentiation of young 
leaves and flower buds continues, and inflorescences become obvious after 3 to 4 weeks (Stage 
2). After 7 to 8 weeks, the inflorescence takes shape, with individual buds developing in size 
and colour (Stage 3, Figure 3.3. A and B). The colour of individual flower buds will change 
from green to white, indicating an advanced bud, during this stage. 
3.5.1.1.2.2 Flowering 
Individual fl ower buds of M. alternifolia reach anthesis (Figure 3.3. D) in 9 to 10 weeks 
after initiation; during these weeks, individual flowers in an inflorescence will develop 
acropetally at both pre-anthesis and anthesis (Stage 4). Peak flowering (Stage 5) occurs a week 
after Stage 4; at this stage, individual flowers are so entwined, they cannot be readily 
distinguished. Mean number of days from the time of first flower opening in an inflorescence to 
!·";" 
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complete floweri ng is 5.9 ± I. I days. A particular odour can be smelled during the peak 
flowering; which probably originates in the nectaries. 
The duration of development of individual flowers is given in Table 3.7. The reproductive 
organ (pollen), which develops inside the anthers of M. alternifolia, commences to dehisce in 
the afternoon of the first day of anthesis (Figure 3.3. E). The mean number of days for anther 
dehiscence is 1.4 ± 0.6 (n=5) days from anthesis. Following anthesis, a secretion (exudates) 
appears on the stigma (female organ) indicating receptivity (Figure 3.3. F). 
Table 3.7 Timing of floral development in M. a/ternifo/ia from the time the 
stamina! bundle begins to unfold from the advanced bud (sample 
size= 80) 
~ ... ~:1..>J Mea·n Standard 
.: :·~ r~~.' ;A.:• 
'.i :·' ,, .... 
First stamina! bundle unfolds 
All stamina! bundles unfold 
Anther dehiscence 
Stigma secretion 
First stamina! bundle abscises 
All stamina! bundles abscise 
Time of first flower opening to all flowers 
opening on an inflorescence 
F,~r~ 
-~ ·~:· ,~ I(! l 
hours 5.6 
hours 22.2 
days 1.4 
days 2.2 
days 9.6 
days 12.4 
days 5.9 
I .·~ 
Err.or 
, .. 
~ •'. 
l<l I -~·'' f. ·~ 
0.55 
1.10 
0.55 
0.48 
0.55 
0.89 
1.10 
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A 
c 
E 
B 
D 
F 
Figure 3.3 Scanning electron microscope images of developing reproductive 
organs of M. alternifolia 
A advanced bud (bar=1.00mm); B. petals start to open as a sign of the start of anthesis 
(bar=1.00mm); C. all petals open and stamina! bundles begin to unfold (bar=2.00mm); D 
stamina! bundles expand with an erect style (bar=2.00mm); E. anther dehisces, pollen is 
shed (bar=1 OOµm); F. receptive stigma of M. alternifolia with abundant exudates (bar=200 
µm) 
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G - 7 days after anthesis H - 10 days after anthesis 
Figure 3.4 Scanning electron microscope images of stigma at anthesis, 1-, 2-, 3-, 
4-, 5-, 7 - and 10- days after anthesis 
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Based on microscopic observation, the mean number of days for stigma secretion is 2 .2 ± 
0.48 (n=5) days from anthesis. Scanning electron micrographs show (Figure 3.4) that the 
exudates on the top of the stigma become obvious by the third <lay following anthesis (Figure 
3.4. D) and all of the stigma is covered by the secretion by the fourth day following anthesis 
(Figure 3.4. E). However, the secretion still appears on styles 10 days after anthesis, despite the 
fact that the secretion starts to dry by 5 days after anthesis (Figure 3.4. F). 
Stamens begin to abscise (Stage 6) 4 to 5 weeks after the first flowers open (Stage 4). 
Stamen abscission proceeds acropetally on the inflorescences. Mean number of days for 
abscission of all stamens is 12.4 ± 0.89 (n=5) days from the first petal unfolding. The stamens 
will dry, tum brown and fall off by this time. By 6 weeks after first flower opening, 
inflorescences wil l progress to Stage 7, in which only green young fruit (capsules) remain. Fruit 
(capsules) reach maturity (Stage 8) after 16 to 18 months from first fl ower opening. 
Based on observations of eighty inflorescences (3.3.2.1) at West Wyalong SS02p, the time 
of style abscission varies between inflorescences. Styles on inflorescences on trees that were 
more exposed to wind, abscised two weeks after all stamens had abscised. However, some 
styles on trees in more protected locations remained on the capsules for more than four months 
and, in extreme cases, up to 16 months (capsule maturity). Therefore, it appears that abscission 
of the style of M. alternifolia does not indicate fertilisation, but is determined mostly by 
environmental effects such as wind. The style changes in colour from white to pinkish, a few 
days after artificial pollination; this change is probably an indicator of successful fertilisation in 
this species, as in some eucalypt species (Tibbits 1988a). 
3.5. 1.2 Capsule development and seed set 
In M. alternifolia, the morphological development of buds, flowers and fruit leading to the 
development of mature seed takes place over a period sixteen to e ighteen months from 
flowering (Stage 5, Table 3.6). Capsules of M. alternifolia are generally retained on a tree for 2 
or 3 years and possibly much longer when the capsules are encased in wood. A single branch 
may bear two mature crops and one immature crop simultaneously. For a few trees, three 
mature crops may be present. 
Capsule maturity of this species is indicated by a darker capsule coat, firmness, and 
increasing size as the capsule develops. Capsules which are not fertilized usually do not develop 
even to stage B of Figure 3.5. Non-viable, immature capsules are usually wrinkled and soft 
when cut or squashed. Capsules of M. alternifolia change colour during development. Capsules 
are green when immature and become dark brown when close to harvest. The diameter of 
capsules also enlarges during maturation, as illustrated in Figure 3.5. The mean diameter of a 
capsule of M. alternifolia at 12 months is 2.47 ± 0.03 mm (n= 10), and at 24 months is 3 .5 1 ± 
0.04 mm (n=lO). 
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M: alternifolia seed is shed from the capsule in a mixture of viable seed and chaff. It is 
difficult to separate the seed from the chaff, because the size, shape and colour of the seed and 
chaff in this species are so similar. Families of M alternifolia differ significantly in the number 
of viable seeds per capsule. Figure 3.6 illustrates the range of the means of viable seed set per 
capsule, from 26 ± 3.8 to 57 ± 3.8 (Wald stat= 90.13, d.f = 3, x = <0.001). 
A B c 
Figure 3.5 Capsules (fruit) of M. a/ternifolia at different stages of development 
A. 2 weeks after anthers shed; B. 4 months old; C. 16 months o ld (scale 1: 1 mm) 
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Figure 3.6 Mean number of viable seeds per capsule for four M. alternifolia 
families with associated standard errors (sample size = 30 per 
family) 
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3.5.2 Stigma receptivity on the basis of fruit set and pollen 
tube growth 
Stigma receptivity is associated with morphological changes to the stigma as shown in 
Figure 3.4. Enlargement of the stigma and the wet sticky appearance of the surface due to 
exudates indicate that the stigma is recepti ve. The percentage of mature capsules on three 
sample trees in WW SS02p following pollination on days 1 to 7 afler anthesis is shown in 
Figure 3.7. 
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Figure 3.7 Percentage of capsules set on 3 field-grown plants following hand 
pollination conducted from 1 to 7 days after anthesis 
Note: data not available for day 3 due to broken branch 
Capsules were formed following hand pollinations conducted 1 to 7 days after anthesis. 
The stigma is most receptive during days 2 to 4 following anthes is based on capsules formed. 
The stigma is, however, still receptive during the period 1 to 7 days after anthesis and capable of 
being fertilized. 
Data on capsule set from pollination 3 days after anthesis were not available due to the 
branch being broken (inspection in May 2005). Data from inspection records of this branch 
between days 2 and 4 in May 2005, showed that 92.3% of healthy capsules were retained up to 
this stage. This suggests that stigma receptivity peaks on days 2, 3 and 4 after anthesis under 
field conditions. However, stigma receptivity might be extended under glasshouse conditions. 
The number of pollen tubes found in the style differs significantly between pollination 
dates (REML analysis; Wald stat= 377.4, d.f. = 10, x = <0.001). The differences demonstrated 
that the number of pollen tubes observed relates to the maturity of the stigma. Figure 3.8 
illustrates that the number of pollen tubes in the style increased from anthesis to 4 days after 
anthesis, and dramatically decreased by 7 days after anthesis. The stigmas are receptive during 
days 1 to 6 with peak receptivity during day 3 to 6. Small numbers of pollen tubes were 
observed at anthesis and on days 7 to 10 after anthesis, suggesting that polli nation may still 
occur during these times, as shown in Figure 3.8. 
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Figure 3.5 Mean number of pollen tubes recorded in the style of 3 glasshouse-
grown plants following hand pollination conducted from anthesis to 
10 days after anthesis, with associated standard errors (sample size 
= 30 per sampling date) 
3.5.2 Pollen morphology and pollen longevity 
3.5.2.1 Pollen morphology 
Pike (1955) described the shape of the Melaleuca pollen grain as oblate and peroblate. 
Observation confirmed this description; the pollen morphology of M alternifolia has the same 
basic Myrtaceous pollen type, with a triangular polar view and -13-15µm in length. As shown 
in Figure 3.9 A, each oftbe intine comers of the grain, the germinal apertures, is an oval-shaped 
pore, and the grain also has intine colpi. Therefore, this type of pollen grain is classified as 
tricolporate. 
The surface of the pollen grain does not have an obvious pattern nor does it have any 
outstanding sculptures. There were no differences in morphology and pollen grain size amongst 
the five clones observed (BA 31/1/3; BA 33/1/4; DP 21215; CA 48/2/5; CD 61112). Figure 3.9 B 
shows pollen grains adhering to the sticky surfce of a receptive stigma. 
A B 
Figure 3.6 Scanning electron micrographs of M. alternifolia pollen 
(A) pollen grain, bar=Sµm; (B) pollen grains on the stigmatic surface, bar=20µm 
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3.5.3.2 Pollen longevity 
The pollen viability of M. altemifolia varied significantly with time of storage (REML 
analysis; Wald stat = 112.9, d.f. = 4, X = <0.001) and temperature of storage (Wald stat= 23.9, 
d.f. = 2, X = <0.001 ). In addition, the interaction of temperature and storage time was significant 
(Wald stat= 16.19, d.f. = 8, X = 0.04). Pollen of M. alternifolia was still viable after 52 weeks 
of storage under all temperature regimes, with storage in the deep freezer (- J 8"C) providing the 
best results (Figure 3.10). The higher the temperature the greater the reduction in pollen 
viability over time as shown in Figure 3.10. 
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Figure 3.10 Pollen viability of M. alternifolia following storage for different 
durations and temperatures, and associated standard errors 
(sample size= 10 per treatment) 
3. 6 Discussion 
3.6.1 Floral structure and floral development 
The inflorescence of M. alternifolia is a spike consisting of 17.5± 1.52 small white flowers. 
Individual flowers have an average hypanthium diameter of 2.27±0.55 mm and stamen length of 
1.72±0.06 mm. They have 4 petals, 4 sepals, 5 stamina! columns from which numerous anthers 
are attached by short fil aments, a single style and stigma; each flower has 3 carpels with 
numerous ovules. 
The mean number of stamens per fl ower is 252.9±0.95 and the mean number of ovules per 
flower is 175±4.8. The floral structure is consistent with that described for the genus Melaleuca 
by Barlow and Forrester ( 1984), who also noted considerable variation between melaleuca 
species in the number of stamens and ovules per flower; stamina! numbers varied from 15 to 
greater than 250 and ovule numbers from 75 to 500. This places M. alternifolia at the high end 
in relation to stamina] number for the genus (see Table 3.5). In contrast, the number of ovules 
per flower of M. alternifolia was low for the genus. A low ovule number in relation to anther 
48 
numbers results in a high pollen/ovule ratio, suggesting an outcrossing system according to the 
out crossing index based on the pollen/ovule ratio proposed by Cruden ( 1977). 
During flower opening, the feathery stamina! columns unfold and the inflorescence takes 
the appearance of a bottlebrush (Figure 3.2). Flowers develop acropetally and all flowers on the 
inflorescence open within 6 days. Anthers dehisce one day after the stamina! columns unfold. 
The style is initially small and bent but straightens and elongates, and the stigma on the tip of 
the style enlarges. The stigma becomes fully receptive 2 to 3 days after pollen is shed from the 
anthers. Therefore, there is no strong separation between the male and female phases of 
individual flowers . However, because the full opening of flowers in an inflorescence takes 6 
days, the flowers at the base of an inflorescence could be at the female stage when its tip is at 
the male stage. This suggests that geitonogamy is likely within the same spike or on the same 
tree, as they contain flowers at different stages of male and female development. 
As the male phase of an individual flower occurs first, it is possible that pollen is deposited 
on the non-receptive stigma of the same flower; this could be a barrier to other pollens. Hence, 
successful natural cross-pollination may depend upon the removal of this self-pollen before the 
stigma becomes fully receptive within 2 to 3 days of anthesis. Protandry may make it possible 
for this self-pollen to be dislodged before the stigma becomes receptive (Sedgley and Griffin 
1989). However, pollen could also be removed by floral visitors or environmental influences 
such as rain or wind. The protandrous system of M. alternifolia encourages out-breeding and 
confirms that the structure minimizes the possibility of self-pollination (Lawrence 1951 ; 
Sedgley and Griffin 1989). 
The indi vidual flowers of M. alternifolia are small, creamy-white in colour, have a 
distinctive scent and form a large display, all of which are attributes suggested by many workers 
(e.g see Faegri and van der Pijl 1979; Cruden et al. 1983; Sedgley and Griffin 1989; Kunin 
1997) as those that attract insects to fl owers. The clustering of inflorescences on the outer 
boundary of the tree provides good exposure and reward for a low expenditure of energy by 
visiting vectors. Although nectar is rarely observed in any quantity, Melaleuca pollen has a high 
protein value, at 25-30% (Clemson 1985). The lack of nectar explains why vertebrates are rarely 
observed visiting the trees in any numbers. 
3.6.2 Capsule development and seed set per capsule 
At West Wyalong SS02p, flower buds of M. alternifolia develop in the leaf axils of newly 
developed leaves in September and flowering commences in late October. Flowering occurs 
over a short period of 3 to 4 weeks, and no flowers were observed outside this period, although 
unseasonal flowering in a few individuals has been observed in adjacent plantations. While the 
fl owering occurs again in November the following year, the capsules from this first flowering 
do not become mature until the following March, 16 to 18 months after the first flowering. In 
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contrast, the tropical Melaleuca species, M. cajuputi subsp cajuputi, can initiate and complete 
two seed crops within one year (Hendrati et al. 2002). 
A long seed maturation period has been reported in Eucalyptus species; for example in £. 
wandoo, taking 12 months for seed to mature (Boland et al. 1980). Long maturation periods are 
generally due lo the delay of fertilization by up to one year after pollination, with seed 
becoming dormant during this period (Leadem 1996; Owens et al. 2008). 
It is not clear what advantages can be expected from such a long seed maturation period . In 
contrast, there are obvious disadvantages: the longer the development period, the greater the 
possibility of exposure to unfavourable conditions. As a result of the prolonged drought at West 
Wyalong, a high percentage of developing capsules aborted before maturation. However, 
capsules with viable seeds remain attached to M. alternifolia trees for at least a further 2 years. 
Capsule retention is a common occurrence in many Australian tree species (for example, 
Eucalyptus - Pryor 1976; Banksia - Fuss and Sedgley 1991; M. quinquenervia - Boland et al. 
1980; Allocasuarina - Moncur et al. 1997). 
The ovarium of a M. alternifolia capsule consists of 3 carpels containing an average of 175 
ovules (mean 174.9±5.38). The number of viable seed per capsule averages 40 (40. 1±0.02) with 
a range from 26 to 57 (Figure 3.6). This means that seed set of M. alternifolia occurs in 23% of 
available ovules, which places the capsule set of M. alternifolia higher than in other species of 
Melaleuca. Barlow and Forrester (1984) noted that seed set in genus Melaleuca is often very 
low, 1-2% of ovules present. A similar low result was reported for M. cajuputi subsp cajuputi 
with only 3.2% seed set (Hendrati et al. 2002). There was considerable difference among 
sample families in the level of seed viability (Figure 3.6). The variation between families in the 
amount of viable seed that can be produced may be genetically controlled (Griffin et al. 1987), 
as well as being influenced by environmental factors such as the capability of pollination 
vectors (House 1997) and the addition of fertilizers (Williams 1999). Pollen quality or 
availability of assimilates to the inflorescences could also have affected seed development 
during the long development process (Moncur et al. 1997). Inbreeding depression has also been 
reported to affect seed set and germination rate (Charlesworth and Charlesworth 1987; Husband 
and Schemske 1996), and the period to flowering, frui ting and fl ower production (Ramsey et al. 
2003). 
3.6.3 Stigma receptivity based on fruit set and pollen tube 
growth 
This study found M. alternifolia to have, in terms of the classification by Heslop-Harrison 
and Shi vanna (1 977), a wet papillate stigma. The SEM study showed that stigmas were dry at 
anthesis, but had copious secretions commencing 2 to 3 days post-anthesis (Figure 3.4) and 
thereafter for a period of 3 days. The stigmatic region increased in area to 650 µm following the 
first secretion, which was yellow, shiny and sticky. Similar associations between changes in 
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stigma appearance and peak stigma recept1v1ty have been observed in other Melaleuca 
(Hendrati et al. 2002) and Eucalyptus species (Hodgson 1976; Griffi n and Hand 1979; Cau vin 
1984; Tibbits I 988a; Savva et al. 1988; Sedgley and Smith 1989; Oddie and McComb 1998). 
The results of stigma receptivity based on the success of frui t set (Figure 3.7) indicated that 
stigma receptivity began to develop 1 day post-anthesis and indi vidual stigmas remained 
receptive for 7 days post-anthesis. This indicates that, in M. alternifolia, the development of 
stigmatic receptivity is progressive. This progressive receptivity of the stigma has also been 
reported in other Myrtaceous species (Griffin and Hand 1979; Sedgley and Smith 1989; O'Brien 
1996; Page et al. 2006). 
Results of stigma receptivity assessment based on the number of pollen tubes confirm the 
progressive nature of stigmatic receptivity in M. alternifolia (Figure 3.8). They also indi cated 
that the maximum stigma receptivity is 3 to 6 days after anthesis, with peak recepti vity 4 days 
after anthesis, thus confirming the results of assessment of stigma maturity based on fruit set 
(Figure 3.7). 
3.6.4 Pollen morphology and pollen longevity 
3.6.4.1 Pollen morphology 
Pollen morphology is closely related to its function; many of the features present in pollen 
grains indicate how the species is able to disperse its pollen (Faegri and Iversen 1989). 
Sculpturing may indicate more specific control for the method of pollination and may also be 
adapted for a specific species of pollinator (Moore et al. 1991). The structure of the pollen grain 
of M. alternifolia, which lacks sculptures, but is s lightly sticky or clumpy, suggests non-specific 
dispersal by insects. This suggestion is based on the study of Eucalyptus, where the pollen is 
sticky and adheres in clumps (Ashton 1975b; Pryor 1976; Eldridge et al. 1993), and pollen 
transfers depend on the activity of insects and vertebrates (Griffin 1982; Eldridge et al. 1993; 
Hingston et al. 2004a). 
3.6.4.2 Pollen longevity 
The results of pollen storage trials for M. alternifolia conducted here are consistent with 
results, based on experience with other spec ies. Generally, pollen viability of angiosperms 
declines with the period of storage time, most markedly with higher temperatures and relative 
humidities (Jain and Shivana 1989). Several studies of Australian genera suggest that storage at 
low temperature is the best way to maintain viability. Eucalyptus pollen has successfully 
maintained its germination percentage when stored at -16"C to -20°C or -80°C for periods of up 
to three years (in E. maculosa - Boden 1958; E. regnans - Griffin et al. 1982; E. globulus, E. 
urnigera, E. morrisbyi - Potts and Marsden-Smedley 1989; E. smithii, E. nitens and E. grandis 
- Horsley et al. 2007). Low temperature (-l8°C) was also noted as the most successful storage 
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condition for Australian species of Acacia (Sedgley and Harbard 1993). However, storage of 
eucalypt pollen at room temperature or at 4"C is still acceptable if the pollen will be utilised 
within l to 2 months (Griffin et al. 1982; Horsley et al. 2007). Similar results have been found 
for pollen of M. cajuputi subsp cajuputi, which maintains its viability up to 30% when stored in 
the refrigerator for 3 months (Hendrati et al. 2002). 
Under the best storage conditions (-l8°C), 22% of M. alternifolia pollen remained viable 
after 52 weeks; at room temperature over 52 weeks the result was I 0% (Figure 3.10). Pollen 
retained some viability at room temperature after 52 weeks, probably due to be ing dried using 
the freeze drying technique. This technique reduced the pollen moisture content to 5.3%, and 
this low moisture content would have been maintained because pollen was stored in sealed vials 
and in a desiccator. As hydration is critical for pollen germination, pollen storage is more 
effective when it is in a partially dehydrated condition (Shivana and Johri 1985; Barbanas and 
Kovacs 1997). 
3.6.5 Implications for breeding 
This study indicates that any controlled pollination in breeding programs of M. alternifolia 
should be conducted in November, when floral development has reached stage 4 (Table 3.6). 
The stigmas of M. alternifolia reach peak receptivity by day 3 to 5 after anthesis, and the 
anthers start to dehisce by the first day of flower opening (mean 1.4 days). The difference in 
organ maturity within individual flowers suggests a system that encourages outcrossing; 
however, since the inflorescence develops acropetally, the chance of selfing at the inflorescence 
level is high. Therefore, for breeding purposes, the level of self-incompatibility of this species 
should be determined (see Chapter 5). 
These results show that M. alternifolia pollen can be stored successfully at low 
temperatures over breeding seasons. However, it would be most effective to store pollen for 
relatively sho1t periods and use within any given breeding season. 
3. 7 Conclusions 
The work described in this chapter has confirmed that the floral structure and 
development of M. alternifolia are typical of many other members of the family Myrtaceae. 
Flowers of M. alternifolia are borne on inflorescences (spikes) carrying an average of 18 
flowers. T hese develop acropetally. This form of floral stmcture and development means that 
there will be overlap of male and female phases within an inflorescence, and there is potential 
for geitonogamy. The timing of floral development of individual flowers and of all flowers in 
one inflorescence also suggests the possibility of gei tonogamy. Once flowering commences, all 
buds in the one inflorescence flower within 6 days and flowering ceases by the 12th day. 
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Therefore, the structure and development of M. alternifolia flowers allow for both outcrossing 
and self-pollination. 
M. altemifolia has a long seed maturation period, of 16 to 18 months from pollination. 
The seed set of M. alternifolia (23%) is higher than that of other Melaleuca species, with 
average of 40 viable seed set per capsule. The pattern of stigma receptivity and pollen structure 
are also typical of Myrtaceous species, and the pollen storage characteristics are comparable to 
those of commercially-important eucalypt species. 
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Chapter 4: Flowering phenology and 
flowering intensity of M. alternifolia 
4. 1 Introduction 
In the most general terms, phenology is the study of periodically-recurring natural 
phenomena in relation to changes in season and climate (Owens et al. 1992). In botanical 
studies, phenology refers to the relationship between environmental changes and the timing of 
events such as bud formation, commencement of flowering, pollination and fruit development 
(Owens et al. 1992; Keatly et al. 2002; Boulter et al. 2006). Flowering phenology, the study of 
patterns in the fl owering of plants, is of central interest to tree breeders for a range of reasons. 
For example, to help breeders understand the environmental conditions that favour or diminish 
flowering, the extent to which flowering in a naturaJ or selected population is synchronous or 
not, or to find ways to maintain pollinators in a population during the flowering season (Kearns 
and Inouye 1993). 
Flowering phenology is generally characterised by the timing, duration, frequency and 
intensity of flowering (Bawa 1983; House 1997). Flowering phenology can be determined at the 
community, species, population and individual levels (Bawa 1983; Newstrom et al. 1994), and 
may vary at each of these levels (Cremer et al. 1978; Griffin l 980; Bawa 1983; Law e.t al. 
2000). Tree breeders are particularly interested in flowering phenology at the species, 
population and individual levels. Knowledge at the species level assists in managing the mating 
system of a given species and its relationship with its pollinators (Bawa 1983; Primack I 980). 
Knowledge at the population and individual tree levels are particularly important because it is at 
those levels that tree improvement programs operate; for instance, collection of asynchronously 
mature seed, resulting from asynchronous flowering times, at only one point in time may not 
represent the genetic diversity of the population (Bawa et al. 1990). Knowledge at the 
individual tree level is also important for breeding activities such as pollen collection or 
controlled crossing (Sedgley and Griffin 1989; Sedgley 1996). 
Both genetic and environmental factors are known to influence fl owering phenology. For 
example, the duration of flowering varies between species (Bawa 1983; Sedgley and Griffin 
1989; House 1997), and can be influenced by resource availability at the time of flowering. 
Studies in eucalypt species suggest that the timing of flowering is under genetic control for 
example, in E. regnans (Eldridge 1972; Griffin 1980) and in E. globulus ssp. globulus (Gore 
and Potts 1995), and that environmental variation, such as differences of soil type or altitude, is 
also responsible for differences in the time of flowering between populations (e.g. Florence 
1964; Hodgson 1976; Savva et al. J 988). Annual flowering intensity in Eucalyptus species also 
varies within populations and between indi victuals (Florence 1964; Ashton 197 Sb; Griffin 
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1980), and with environmental factors such as soil moisture and rainfall (Florence 1964; Bolotin 
1975; Moncur and Boland 1989; Griffin 1980). 
The time of flowering of a species is determined by genetic and environmental factors and 
by their interaction (Fitte r et al. 1995). As discussed in Chapter 2, time of flowering, especially 
in eucalypts, is influenced by the seasonal pattern of temperature, solar radiation, day lengt h, 
soil moisture and rainfall (House 1997). Day length has been suggested to ex perimentally 
induce flowering of E. occidentalis (Bolotin 1975; Southerton 2007). In contrast, flowering in 
some other eucalypt species is generally not thought to be day length dependent (Paton 1978; 
Moncur 1992). For example, experimental variation of day length did not promote flowering in 
E. nitens (Moncur and Hasan 1994) or E. lansdoweana (Moncu r 1992). 
The effect of low temperature on induction of flowering is well known for some species. A 
number of woody perennials are known to require low temperatures to induce fl owering (King 
et al. l 992). A period of cold temperature has been reported to induce floweri ng in temperate 
eucalypts (Moncur 1994; Moncur and Hasan 1994; Williams 1999; Williams et al. 2003). 
There is some circumstantial evidence that water stress predisposes eucalypts to flower. 
For example, E. viminalis seedlings grown in France flowered 12 months after experiencing 
drought conditions, compared to 30-36 months or longer under well-watered conditions (see 
Moncur 1992). Hasan and Reid ( 1995) implicated water stress as an environmental stimulus in 
E. globulus flowering. 
Environmental parameters influencing flowering of M. alternifolia 
Within its natural range, M. alternifolia initiates floral buds in the spring, following a cool 
winter period, with flowering occurring from October to November (Doran et al. 2002), 
although extended floweri ng, from September to February, has been observed in populations in 
northern NSW (J. Doran 11 pers com. 15 October 2006). A similar pattern occurs in orchards at 
West Wyalong and Wollongbar, notwithstanding that West Wyalong is located well outside the 
natural range of the species. However, limited observations to date also suggest that first 
flowering occurs in one-year-old trees at West Wyalong, but only rarely at Wollongbar before 
year 4. Flowering intensity is also greater at West Wyalong (J. Doran 1x pers com. 15 October 
2006). 
The main environmental variables which differ between the two locations are temperature 
and rainfall. West Wyalong experiences lower temperatures during the winter period, a lower 
rainfall, and a different parttern of rainfall distribution. Wollongbar has an annual rain fall 
averageing 1778.8 mm, with a pronounced wet season from November to March . West 
Wyalong is considerably dryer (average 456.8 mm) with few significant rainfaJJ events, with a 
11 J. Doran, 15 October 2006. Research Fellow CSIRO, Canberra 
IS Ibid 
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generally more evenly-distributed rainfall pattern. Temperature and rainfall values and patterns 
at the two sites are discussed further in Chapter 4.4.4. 
Flowering phenology of Melaleuca species including M. alternifolia 
There are few detailed studies of flowering phenology of Melaleuca species, although it is 
known to be highly variable between species and sites (L. Craven 19, pers com. 14 March 2006). 
Studies of the flowering phenology of M. quinquenervia in a natural population in northern New 
South Wales (Law et al. 2000), and of M. cajuputi subsp cajuputi in a seedling seed orchard in 
Java, Indonesia (Hendrati et al. 2002), are consistent with this general observation. 
There are no published studies of the nowering phenology of M. alternifolia. Quinn and 
Barlow ( I 989), and data recorded for herbarium specimens at the Australian National 
Herbarium, CSIRO, Canberra (personal access, 15- 16 March 2006), indicate that the flowering 
of M. alternifolia in its natural range usually occurs from October to November, with a peak in 
late October or early November. 
This chapter reports the results of two studies of the phenology of M. alternifolia: the first 
was undertaken from 1994 to 2000 in a natural population of M. alternifolia, as part of the M. 
alternifolia breeding program, an Australian Rural Industries Research and Development 
Corporation, funded project conducted by CSIRO and NSW DPI (Doran et al. 2002); the 
second was conducted as part of this PhD research in the seedling seed orchards at Wollongbar 
and West Wyalong, New South Wales (Baker et al. 2006). As described in Chapter 1.6, the 
Wollongbar seed orchard is located close by the natural range of M. alternifolia in northern 
NSW, whereas the West Wyalong seed orchard is located well outside it in south coastal NSW 
(Figure 1.3). 
Because previous studies suggested that flowering in the Australian Myrtaceous species is 
induced by cold temperatures (Moncur 1992; Law et al. 2000), a glasshouse trial designed to 
observe the effect of temperatures on flowering was also undertaken. 
The objectives of this chapter are to describe the flowering phenology of M. alternifolia at 
the population level at these sites, and to explore the relationships between flowering and 
environmental variables. The chapter therefore addresses the following research questions: 
1. What is the flowering phenology in a natural population and in two seed orchard 
populations? 
2. ls there any variation in flowering intensity between years and between families in a 
natural population and in two seedling seed orchards? 
3. What is the extent of within population variation in flowering intensity in the two seed 
orchard populations? 
19L. Craven, 14 March 2006. Senior Researcher Australian National Herbarium, CSIRO, 
Canberra 
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4. To what extent is flowering phenology related to environmental parameters? 
5. ls flower production can be induced by exposure to cold temperature and application of 
the hormone paclobutrazol? 
4.2 Materials and Methods 
4.2.1 Observations in a natural population 
Observations of flowering phenology in a natural population of M. alternifolia near 
Coombell, NSW, were limited to recording the timing and intensity of flowering on 15 
occasions between 1994 and 2000. Observations were made by Mr Gary Baker20 as part of the 
M. alternifolia Breeding Program Project (Doran et al. 2002). Site details of the Coombell 
population are given in Chapter 1.6. 
All 74 individual trees growing in the Coombell stand were tagged and numbered for 
identification purposes. Individuals in this stand comprise 11 trees which have grown from 
seedlings, and 63 that have regrown as coppice after industrial harvest. The last harvest was 
undertaken in 1990, when stems were hand-cut at 50 to I 00 cm above ground level. In this 
population, 45 trees were also treated with paclobutrazol in April 1994. Seedling and coppice 
stems, and those treated with paclobutrazol, were identified and labelled in the field. 
Phenology assessments in this stand were made according to the schedule listed in Table 
4.1. The frequency and scheduling of assessments were limited by constraints on the assessor, 
and so the number of assessments and their timing varies between years. During each 
assessment, the presence or absence of floral buds, flowers, and capsules, and flowering 
intensity, were recorded for all 74 trees. Flowering intensity was assessed by estimating the 
number of inflorescences on every sample tree. The number of flowers was then calculated by 
multiplying the number of inflorescences by 17 .5 (the mean number of flowers per 
inflorescence; see Table 3.5). 
20 Gary Baker. 05 October 2004. Technical Officer, Tea Tree Breeding Program Project, 
Wollongbar Department of Primary Industry, NSW. 
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Table 4.1 Schedule of phenology assessment of M. a/ternifolia in the Coombell 
stand, NSW 
Year Number and date' at asse.ssment I• .ti, ~ 
I ' . ' .. •• r . 
1994 1. 27 October 
2. 29 November 
1995 3. 03 February 
4. 12 May 
5. 29 June 
6. 09 August 
7. 02 October 
8. 01 November 
1996 9. 06 February 
10. 03 July 
11 . 1 O October 
1997 12. 25 November 
1998 13. 05 May 
1999 14. 24 November 
2000 15. 01 November 
4.2.2 Observations in seed orchard populations 
Flowering phenology observations in the seed orchard populations -Wollongbar SS02 and 
West Wyalong SS02p - were undertaken during the period October to December in each of 
2004 and 2005. Details of these study sites are given in Chapter 1.6. As described there, the 
orchards were established as a Latinized row-column design with 4 replications of 5 tree line 
plots; Wollongbar SS02 consists of 82 families, and West Wyalong SS02p consists of 36 
famili es. Only 30 famil ies are common to both orchards (Doran et al. 2002). 
Two sets of observations were made in each population. The first assessed flower and fruit 
development, at all stages from the initiation of flowering to the presence of mature capsules, 
using the methodology established by the tea tree breeding program research team (G. Baker 
pers com. 5 October 2004). The method used to asses flower maturation is illustrated in Figure 
4. 1. 
Capsule maturation was assessed based on colour and size, as described in Chapter 
3.5.1.2. All individual trees growing in both seed orchards were assessed; the total number of 
trees was 16 1 in West Wyalong SS02p and 322 trees in Wollongbar SS02. Flowering 
assessments were recorded every week over a two month period, from the second week of 
October to the fourth week of December, in both 2004 and 2005. Capsule maturity was 
observed in each of March, September and November, in each of 2004 and 2005. Observations 
at Wollongbar were made by Mr Gary Baker, and those at West Wyalong SS02p were made by 
the author. The two assessors discussed and agreed on the methodology, the conduct of the 
assessment and data entry, before commencing observations. 
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Figure 4.1 Method used to assess flower maturation of M. alternifolia 
The second set of observations assessed the flowering intensity of all individual trees in 
West Wyalong SS02p and in Wollongbar SS02. These observations were made during the 
peak fl owering season in each of four years at Wollongbar (November 2004, 2005, 2006 and 
2007), and over five flowering seasons at West Wyalong (November 2003, 2004, 2005, 2006 
and 2007). Due to the heavy flowering during some seasons of observation, the intensity of 
flowering was not assessed as the number of inflorescences, but as the percentage of the tree 
covered with flowers, using the following subjective scale21: 0 = absent (none); 1 = very light 
(<10%); 2 =light (>10-25%); 3 =light to medium (>25-40%); 4 = medium (>40-55%); 5 = 
medium to heavy (>55-70%), 6 =heavy (>70-85%) and 7 = very heavy (>85- 100%). 
21 Subjective assessment scales have previously been used to assess flowering intensity in 
eucalypts - eg, a 5 point scale for E. regnans (Ashton 1975b; Griffin 1980), and a 16 point scale 
for a box-ironbark Eucalyptus community (Wilson 2002). The Tea Tree Breeding Project drew 
from this previous work to develop an 8 point scale (G. Baker pers com. 5 October 2004). 
4.2.3 Summary of phenology data 
As evident from the preceding description, the data sets describing phenology varied 
between sites. The overall phenology data set is summarised in Table 4.2. 
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Table 4.2 Summary of data sets of phenology of M. alternifolia at three study 
sites 
,. 
·; .. · N~tural flOPO!atitin - Seed orcharc;t Seed orch~ud 
I 
I 
. t'• .. , . . I 
poombell , '1, 
"I' •.t ~ .. ;;· -·> population -.. population - We$t 
. ' 
I~. 
' 
., 
. ,.!". . . ·~ 
~~ v, 
; ' z Wollori~bar Wy~i°ong d :" A 
Flowering periodicity Bud, flower and Bud, flower and Bud, flower and 
capsule presence or capsule development capsule development 
absence on 15 dates fortnightly from the 2od fortnightly from the 2nd 
between 1994-2000 week of October to week of October to 
(Figure 4.5) the 4•h week of the 4•h week of 
December, in each of December, in each of 
2004 and 2005 2004 and 2005 
Flowering intensity Flowering intensity Flowering intensity Flowering intensity 
assessed by assessed on 8-point assessed on 8-point 
recording the number scale, in the 2nd week scale, in the 2nd week 
of inflorescences on of November, in each of November, in each 
15 dates between of2004,2005,2006 of2003,2004,2005, 
1994-2000 and 2007 2006 and 2007 
4.2.4 Climatic data 
Australian Bureau of Meteorology data for daily minimum and maximum temperature and 
daily rainfall were obtained for the meteorological stations closest to each of the Coombell, 
Wollongbar and West Wyalong study sites. These were, respectively, the station at Casino 
(latitude: 28.88''S, longitude: 153.0S''E, elevation: 26 m) for the period 1994 - 2000, at Lismore 
(latitude: 28.8 1 "S, longitude: I 53.26'E, elevation: 11 m) and at West Wyalong (latitude: 
33.94"S, longitude: 147.20"E, elevation: 257 m) for the period 2003 - 2007. The Casino station 
is approximately 22 km from the Coombell stand; the Lismore station is approximately 20 km 
from the Wollongbar orchard; and the West Wyalong station is approximately 26 km from the 
West Wyalong orchard. Day length data were generated from the public web site22 provided by 
the Astronomical App.lications Department, US Naval Observatory. The day length data were 
obtained by calculating the difference between sun set - sunrise. 
22 (http://aa.usno.na\ly.mil/data/docs/RS OneYear.php#formb) 
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4.2.5 Glasshouse trial testing the effects of cold and 
paclobutrazol 
Previous observations of flowering of M. alternifolia at West Wyalong and Wollongbar 
orchards (Chapter 4.1) suggested that low temperatures might promote flowering. Two 
experiments were conducted, both in glasshouses at or adjacent to ANU, Canberra. The details 
of the study site are given in Chapter 1.6. These experiments also investigated the effects of 
treatment using the plant growth regulator paclobutrazol, which were of interest to the Tea Tree 
Breeding Program. It would have been preferable to investigate the effects of temperature and 
paclobutrazol separately, but limited experimental resources precluded this. Similarly, it would 
have been of interest to investigate the effect of water stress on flowering, but this was not done 
because the measurement of water stress is difficult (Moncur 1998) and resources were too 
limited to attempt this work. The use of paclobutrazol in this experiment was based on the 
literature described in Chapter 2.4.1 .2, which is summarised in Box 4.1. 
1 ._ ... ; -.. c· <· ·- , ,..,.~, ·:· _. ::O·: ·.• . . :· ' · ,~-~-~~:;1/·;:~'.(i.:~ .,.~.'.R .. .., r{~•.: - ~': _~;- :, . ..,..., .. :"~ !-..,.}j, .'.t:* ;-. ;-:<:._ .. .;,~ :-~~~ .. ·-/:";i..-· 
.· .• "·:·./: J;Jox 4.1 Paclobutrazol ~~ pror,notor of f~ower~~i~.:;'h" i .~ <~J···: ~:~\" : ~:ii;n ~.;\:/y ;_;~\<j~;;.,~:i(;~~~f: ~ · .r - ,1··if: ::i" i:~ .·. t'-'" '' -,• .i•; · . .._. . ..... , .:-:' ·h-''· · , J· ~l ~ .-' )'\ .. -·f· -·, , f;._. • ; 1~::~j~'. .c:-:~ 
The plant growth regulator 'Paclobutrazol' (Cultar) has been used as a management tool 
to increase flowering in E. nitens in South Africa (Swain and Gardner 2003) and in Tasmania 
(Williams et al. 2003). Paclobutrazol has also been shown to stimulate consistently greater 
seed crops for up to five years after a single application (Reid et al. 1995), and to induce E. 
globulus seedlings to flower earlier than normal (Hasan and Reid 1995). Although 
paclobutrazol suppressed height growth and leaf production in £. nitens, flowering occurred 
only in the paclobutrazol-treated grafts that were exposed to low temperatures over winter 
(Moncur and Hasan 1994; Gardner and Bertling 2005). A similar result was recorded for E. 
globulus (Hasan and Reid 1995) with high winter temperatures inhibiting flowering. 
For M. alternifolia, a small pilot study demonstrated that 3-4 year old M. altemifolia 
seedlings treated with paclobutrazol and grown over winter in Canberra produced more floral 
buds than control seedlings (J. Doran2) pers com. 15 October 2006). 
Stem cuttings of several clones were used as material in this study. The source of clones, 
experimental stages, and timing of activities of the two experiments are listed in Table 4.3. 
Preparations for, and the conduct of each experiment, are described below. 
21 J. Doran, 15 October 2006. Research Fellow CSIRO, Canberra. 
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Table 4.3 Stages of glasshouse experiment testing the effects of paclobutrazol 
and temperature on flowering of clones of M. alternifolia 
Experiment .stage l • .• ·: .. 
,, 
• ~ ' I 
Stem cutting (misting area) 
Rooted cuttings placed into 
glasshouse (controlled conditions) 
Re-pot stem cuttings into medium 
size pots 
Re-pot stem cutting plants (3) into 
larger pots and apply fertilizer 
Paclobutrazol application 
Floral bud observation 
Clone numbers of samples24 
First experiment - 2006 
First experiment n· ~ • 
(200~} } ·,: 1' ." 
9, 10 October 2004 
10 February 2005 
18 June 2005 
10, 11 December 2005 
3 April 2006 
October-November 
2006 
BA 31/1/3; BA 33/1/4; 
DP 2/2/5; CA 48/3/5; 
CD 6/1/2 
~econd experl'i;n~nt (2007} 
~· , .. 
4,5 October 2005 
17,18 December 2005 
11, 12 February 2006 
15, 16 July 2006 
17 April 2007 
October-November 2007 
BA 31 /1/3; BA 33/1/4; DP 
2/2/5; CA 48/3/5; CD 6/1/2; C 
11 ; C 57; C 2; C4 
The aim of experiment I was to test the combined effect of the duration of low 
temperatures and the application of paclobutrazol on the floral development of 18 month-old 
stern cuttings. The design of the experiment was 2 rates of paclobutrazol x 2 levels of duration 
of low temperature x 5 clones with 3 ramets per clone per treatment. The experimental design 
for this experiment is described in Appendix 2. Five clones were used for this experiment; 
however, due to the variation in availability of stem cuttings, the number of replications varied 
between clones. 
Paclobutrazol was applied at the rate of l.O gram active ingredient/litre to well-watered 
pots. Saucers were placed under each pot and any drainage was applied back to the pot to ensure 
the correct dosage was administered. Cuttings were 18 months old when the paclobutrazol 
treatment commenced on April 2006. All cuttings were grown in the heated glasshouse, in 
which the temperature ranged from 12 - 32°C. 
Low temperatures were applied by transferring cuttings from the heated glasshouse to 
ambient conditions for 4 months (May to August, corresponding to winter in CanbeITa), and 
then returning to the heated glasshouse. Controls remained in the glasshouse for the duration. 
Temperatures inside and outside the glasshouse are given in Figure 4.2. Cuttings were inspected 
at regular intervals and the final number of floral buds was recorded in November. 
This experiment was intended to be monitored for two years; however, a severe, freak 
hailstorm in March 2007 severely damaged the glasshouse and destroyed the experiment. 
2
• Source origin: BA 31 /1/3, BA 33/1/4-provenance Barcoongere; DP2/2/5-provenance Devils 
Pulpit; CA48/3/5-provenance Camira; CD 6/1/2-provenance Candole, C2,C4,C11 and C57-
provenance Candole. 
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Figure 4.2 Mean monthly maximum and minimum temperatures inside and outside 
the glasshouse at two plant culture facilities Canberra during 2006 and 
2007. 
Second experiment - 2007 
The second experiment was similar in its aims to the first, but with a larger number of 
samples and additional treatments. The experiment tested the same dose of paclobutrazol (1.0 
gram ai/litre), but also varied the length of cold treatment. The clones used for this experiment 
were those in the first experiment, and four others. In this experiment, the treatments comprised 
2 paclobutrazol treatments (nil, applied) x 3 cold treatments: 2 months cold (May and June), 4 
months cold (May, June, July, and August) and no cold (control). 
The experimental design for the second experiment is described in Appendix 3. The 
technique and timing for paclobutrazol application were as described in the first experiment. 
Cuttings were inspected regularly for morphological differences. Floral buds were observed in 
October 2007, when the stem cuttings were 23 months old. 
Daily maximwn and minimum temperatures inside and outside the glasshouses were 
recorded (Figure 4.2). This experiment used a newer glasshouse, at CAMBIA (adjacent to 
ANU), which was undamaged by the hailstorm and was more modem, and with better 
temperature control, than that used for the first experiment. 
4.3 Analyses of flowering phenology data 
The data sets summarised in Table 4.4 provided the basis for addressing the research 
questions identified in section 4.1; the statistical methods applied to each are summarised in 
Table 4.4. 
Table 4.4 Research questions with associated data sets, and statistical 
methods used to investigate them, for flowering phenology of M. 
alternifo/ia 
Rt:?:;earch question Oata set(s) .:;.. 
.. 
$tatistiCal an.alys(s ::' ·' • "t":. 
1. What is the flowering Presence and absence of bud, Description and regression 
phenology in a natural flower and capsule development analysis using REML 
population and in two Data on the number of trees that seed orchard flowered in two seedling orchard populations? populations were set as 
response-variate with time of 
observation as fixed effect 
Data on flowering intensity were 
used as response variate, with 
family, year, replication and 
column set as fixed effects and 
interaction of replication-column 
and replication-plot as random 
effects 
2. Does flowering intensity in 8 point scale of flowering Regression analysis using 
a natural population and intensity of common families in REML 
in two seed orchards vary WAI and WW seedling seed 
between years and orchards in 2004 and 2005 
between families? Data of flowering intensity of 
common families as response 
variate were tested against year, 
site, family, and interaction 
between site, replication, year 
and family 
3. What is the extent of Flowering intensity of Regression analysis using provenance in WAI and WW 
within-population variation 
seedling seed orchards in 2004 REML in flowering intensity in 
the two seed orchard and 2005 
populations? Data of flowering intensity of 
provenance as response variate 
were tested against year, site 
4. To what extent is flowering Climate data for Coombell Data obtained from Australian 
phenology related to natural stand and two seedling Bureau of Meteorology 
environmental seed orchards 
parameters? 
5. Can flower production be Glasshouse experiment Regression analysis using 
induced to flower by observed the effects of low REML 
exposure to cold temperatures and paclobutrazol 
temperatures, and on production of floral bud 
application of the 
hormone paclobutrazol? 
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4.4 Results 
4.4.1 Flowering phenology of M. alternifolia 
4.4. 1.1 In a natural population (Coombe/I, NSW) 
The pattern of flowering of M. alternifolia in this natural population over the period of 
observation is shown in Figure 4.3. In general, flowering commences during spring. Bud 
development commences during September, followed by flower development which reaches a 
peak by November; however, a few trees (less than I 0% of the total population) flowered at 
other times during the six years of observation. Abundant capsule production was also recorded 
in May 1998 as a product of a substantial flowering (60% of trees) in November 1997. In good 
flowering years (1996, 1997, 1999), almost all the trees (62-73) flowered , while in poor 
flowering years ( 1994 and 1995), few trees (0-18) flowered. Three individual trees in this 
population were recorded as producing flowers more than once a year by setting buds outside 
the peak period. 
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Figure 4.3 Percentage of M. alternifolia trees in a population of 74 trees at Coombell, 
NSW, in bud, flower and/or capsule at 15 observation dates, 1994-2000. 
4.4. 1.2 In two seedling seed orchards 
The flowering periodicity in the two seed orchards is shown in Figure 4.4. No s ignificant 
difference was observed in the order of first bud development, first flowering or peak flowering 
between Wollongbar SS02 and West Wyalong SS02p during 2004 and 2005. A few trees 
commenced flowering in the fourth week of October; general flowering commenced in the first 
week of November and reached its peak one week later. In both years of observation, flowering 
was largely completed by early December, with a few trees at Wollongbar SS02 flowering for a 
fu rther week (completed by mid - December). Capsule development started when all the 
anthers had dehisced, at the end of December. Details of flowering and fruiting times of M. 
alternifolia are presented in Figure 4.5. 
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The M. alternifolia populations at each site flowered for approximately 6 weeks, with 
individual trees flowering for 3 weeks during this period. This pattern was repeated at all sites 
over the two years of study. Peak flowering coincided with the middle of the flowering season, 
as illustrated in Figure 4.4. At the time of peak flowering, the proportion of the population in 
flower varied between sites and years but, in general, more than 40% of trees in a population 
were in flower during 2004 and 2005 flowering seasons. Figure 4.4 shows that the proportion of 
trees flowering at 2 weekly observation intervals (from 200 week of October to 4111 week of 
December) differed significantly between Wollongbar SS02 and West Wyalong SS02p (Wald 
stat= 133.4, d.f = 5, X = <0.001). 
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Figure 4.4 Flowering pattern in two 550s during 2004 and 2005 flowering seasons 
(WW=West Wyalong SS02p, WAl=Wollongbar 5502) 
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Figure 4.5 Flowering and fruiting periodicity of M. a/ternifo/ia at Wollongbar SS02 
and West Wyalong SS02p, NSW, 2004-2007 
Illustrations by lnorontoko, 2006 
All families of M. alternifolia growing at West Wyalong SS02p fl owered during three of 
the five years of observation in that orchard (Table 4.5). However, not all individual trees in this 
population flowered in each of the three years of copious floweri ng. This population had good 
flowering seasons (65% to 97.5% of trees flowering) in 2003 - 2005, and poor flowering in the 
2006 and 2007 flowering seasons (2.5% to 24% of trees flowering). Observations in West 
Wyalong SS02p during October 2006 showed that all families and 80% of all trees produced 
buds. However, only four individual trees produced flowers in November 2006, and then only a 
small number, probably due to the prolonged drought in the West Wyalong region. 
The percentage of families and individual trees flowering at Wollongbar SS02 increased 
over the four annual fl owering seasons, from 2004 to 2007. Here, 2004 and 2005 were recorded 
as poor flowering seasons, with less than 50% of individual trees producing flowers. The best 
year of flowering at Wollongbar SS02 was 2007, with 99.9% of individual trees flowering. 
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Table 4.5. Percentage of families and trees flowering in West Wyalong SS02p 
2003-2007 and Wollongbar SS02 2004-2007 
:.;i 
, 
Site ·': < Season · Da'e of ' . N'µmber Numb.er , Percentage of Percentage 
~~ I . , . .. ~ . sanipr~ t>f of · ·~;· . ·•• families th.c;:it of trees.that 
' 
~ ., 
' families trees · . flowered flowered . ;~· 
.. .. 
West Wyalong 2003 24 November 36 161 100 65 
SS02p 2004 24 November 36 161 100 70 
(planted Sept 2005 16 November 36 161 100 98 
2001) 2006 20 November 36 161 11 2.5 
2007 16 November 36 161 75 24 
Wollongbar 2004 19 November 82 322 89 43 
SS02 2005 14 November 82 322 90 46 
(planted Apri l 2006 15 November 82 320 99 75 
2001) 2007 29 October 75 197 100 100 
4.4.2 Flowering intensity in a natural population and in two 
seedling seed orchards 
4.4.2.1 In a natural population (Coombe/I, NSW) 
More than half of the trees at the Coombell study site had been treated with paclobutrazol, 
at two different rates. Total flowering intensity (over 15 observations) was tested against the 
year of observation and treatment (paclobutrazol application and type of trees - seedling or 
coppice) using REML analysis. The results showed that flowering intensity over the period of 
observation was not increased by paclobutrazol application (Wald stat = 1.4 1, d.f = 1, X = 0.24) 
or influenced by type of tree (Wald stat= 0.03, d.f = 1, X = 0.9). 
However, flowering intensity in the Coombcll stand varied significantly between years 
(Wald stat = 333, d.f = 5, X = <0.001), as evident from Figure 4.6. The variation of flowering 
intensity reflects the number of buds formed, as discussed in Chapter 2, which might, in tum, 
depend on the prevailing weather conditions (Keatley and Hudson 1998; Ashton I 975b; Griffin 
1980; Friedel et al. 1993). The relationship between flowering and climate parameters is 
discussed further in subsection 4.4.4. 
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Figure 4.6 Mean number of inflorescences per tree in the Coombell population 
of M. alternifolia over the period 1994-2000 (no data were available 
for 1998; sample size= 74 trees) 
4.4.2.2 In West Wyalong SS02p during 2003 - 2007 flowering 
seasons 
Flowering intensity varied significantly over the five years of observation (REML analysis; 
Wald stat = 1102, d.f = 4, x = <0.00 I), but was not influenced significantly by the interaction 
of family and year of flowering (ANOVA; ms= 1.8, d.f = 140, F pr= 0.122). 
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Figure 4.7 Mean scores for bud and flowering intensity25 and associated 
standard errors of M. alternifolia in West Wyalong SS02p over 5 
years of observation (sample size= 135 trees) 
Figure 4.7 shows that flowering intensity of M. altermfolia in West Wyalong SS02p 
increased every year from 2003 to 2005 and then dramatically decreased in the 2006 flowering 
season when the population was severely affected by the drought. The flowering intensity was 
also low during 2007 flowering season, due to the low precipitation at this site during bud 
development (September and October 2007). These relationships are discussed further in 
subsection 4.4.4. 
25 Flowering intensity scores: 0 =absent (none); 1 =very light ( <10%); 2 = light (> 10-25%); 3 = 
light to medium (>25-40%); 4 =medium (>40-55%); 5 =medium to heavy (>55-70%), 6 = heavy 
(>70-85%) and 7 =very heavy (>85-100%) 
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The location of trees within this population influenced flowering intensity. The column 
effect from the row-column experimental design was found to have a s ignificant influence on 
flowering intensity at this s ite (Wald stat72, d.f = 11, x = <0.001 ). Results show that trees 
located in columns 11 and 12, the better watered pa1t of the orchard, produced more flowers 
than trees in the other columns (Figure 4.8). 
Figure 4.8 Variation in flowering intensity of M. a/ternifo/ia and associated 
standard errors between different columns of the experimental 
design employed at West Wyalong SS02p 
Figure 4.9 demonstrates the considerable variation between families growmg in West 
Wyalong SS02p in terms of the mean of flowering intensity (Wald stat = 90.14, df = 35, X = 
<0.001). Family numbers 15 and 50 demonstrated higher flowering intensity than other families, 
with a mean fl owering intensity greater than level 4. 
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Figure 4.9 Mean flowering intensity of M. alternifolia by family and with 
associated standard errors over 3 years of observation in West 
Wyalong SS02p 
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4.4.2.3 In Wol/ongbar SS02 during 2004 - 2007 flowering seasons 
Flowering intensity varied significantly over the four years of observation at Wollongbar 
SS02 (REML analysis; WaJd stat = 573.9, d.f = 3, X = <0.00 I ), increasing every year from 
2005 to 2007 (Figure 4. 10). Variation of flowering intensity was significant between families 
(Wald stat= 202.8, d.f = 76, x = <0.001) and columns in the experimental design (Wald stat 
=40.1, d.f = 9, X = <0.001). However, there was no significant effect on the mean of intens ity 
of flowering due to replicates in Wollongbar SS02 over the period of the observation (Wald stat 
= 1.26, d.f = 3, x = 0.74). 
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Figure 4.1 O Mean flowering intensity and associated standard errors of M. 
alternifolia in Wollongbar SS02 during 2004, 2005, 2006 and 2007 
flowering seasons (sample size = 194 trees) 
At this study site, the column treatment greatly influenced the flowering intensity; trees in 
columns I and 10 flowered more than those in other columns (Figure 4.1 1). The significant 
differences in flowering intensity between columns were probably influenced by the amount of 
sunlight (radiation) received by individual trees in this population. In this site, column I and 
column 10 are located at the edges of the population. 
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Figure 4.11 Variation in flowering intensity of M. a/ternifolia and associated 
standard errors between different columns of the experimental 
design in Wollongbar SS02 
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At the family level, fami ly numbers 6 and 38 exhibited a significantly higher mean 
flowering intensity (scoring over 4.7) compared to other families (Wald stat = 90, d.f = 35, X = 
<0.001 ; F igure 4.1 2). Meanwhi le, family numbers 67, 75 and 14 exhibited very low flowering 
intensity with score of flowering below I. This variation shows that genotype influences the 
ability to produce flowers. 
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Figure 4.12 Mean flowering intensity of M. alternifolia by family and with associated 
standard errors over 2 years of observations in Wollongbar SS02 
Separate REML analyses were undertaken to analyse the flowering intensity at provenance 
level; families of mixed provenance origins (resulting from controlled crosses) were excluded 
from the analysis. Significant differences of flowering intensity were found between 
provenances at Wollongbar SS02 (Wald stat = 18.62, d.f = 6, x = 0.005; Figure 4.13), with 
trees from the Hell Hole provenance producing more flowers compared to other provenances. 
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Figure 4.13 Mean flowering intensity of seven provenances of M. alternifolia and 
with associated standartd errors over 2 years of observations in 
Wollongbar SS02 
4.4.3 Differences in flowering intensity between sites and 
years 
4.4.3. 1 Differences at family level 
In order to compare the flowering intensity betwee n sites and years, analysis was restricted 
to the families common to both sites, and for 2004 and 2005 data. REML analysis (Table 4.6) 
shows that the mean flowering intensity differed significantly between West Wyalong SS02p 
and Wollongbar SS02 (X = <0.00 I ). Flowering intensity also varied very significantly between 
year of observation and between families (X = <0.001), and the interactions between year and 
site and between site and family were significant (X = <0.001). 
Table 4.6 Results from REML analysis of the effects of family, column and 
replication in the mean of flowering intensity of M. a/ternifolia in two 
SSOs over 2 year observations 
Year 74.76 <0.001 ** 
Site 49.85 <0.001 ** 
Site.Rep 5.00 0.544NS 
Site. Year 11.07 <0.001 ** 
Family 60.36 <0.001 ** 
Site.Family 75.75 <0.001 ** 
Remark: **=highly significant; *=significant, Ns =non significant 
Figure 4.14 shows that all families common to both sites flowered during 2004 and 2005. 
It is clear that, overall, the mean flowering intensity in West Wyalong SS02p was higher than 
in Wollongbar SS02. However, the pattern of flowering intensity by family was not consistent 
between sites. For example, family 35 had the highest mean flowering intensity in West 
Wyalong SS02p, but poor fl owering intensity in Wollongbar SS02; in contrast, family 99 had 
the highest mean flowering intensity in Wollongbar SS02, but only average flowering intensity 
at West Wyalong SS02p. 
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Figure 4.14 Mean flowering intensity of families and associated standard errors of 
M. a/ternifolia families common to West Wyalong SS02p and 
Wollongbar SS02 during 2004 and 2005 flowering seasons 
4.4.3.2 Differences at provenance level 
In order to analyse differences in flowering intensity at the provenance level, data on 
flowering intensity over the two years surveyed (2004 and 2005) from West Wyalong SS02p 
and Wollongbar SS02 were combined. Families derived from cross pollination within and 
between provenances and industrial standards (open pollination controls) were excluded from 
the analysis. 
Provenances did not differ significantly in terms of their ability to set flowers (Wald stat= 
14.9, d.f = 8, X = 0.061). Figure 4.1 5 show that every provenance growing at the two sites 
produced flowers during the 2 years of observation. Camira provenance, however, which was 
represented by only 2 famil ies at both study sites, flowered poorly. It also can be seen from 
Figure 4.14 that the trees from Coombell provenance produced the greatest numbers of flowers 
over the period of observations, although not significantly more than most other provenances. 
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Figure 4.15 Flowering intensity and associated standard errors by provenance 
over 2 years at West Wyalong SS02p and Wollongbar SS02 
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4.4.4 Relationship between environmental parameters and 
flowering phenology 
In this study, observation of flowering phenology (ie. the timing and duration of flowering) 
was restricted to 2 years of observation only, in 2004 and 2005; however, flowering intensity 
was observed over a longer period - from 1994 to 2000 in the Coombell natural population, and 
from 2004 to 2007 at West Wyalong SS02p and Wollongbar SS02. 
The timing of first and peak flowering in each year of observation, and the duration of 
flowering in 2004 and 2005, were consistent in both seed orchards (Figure 4.4); this suggests 
that the initiation, and subsequent peak, of flowering of M alternifolia are strongly influenced 
by environmental parameters which are consistent across years and sites. It is notable that the 
timing and duration of flowering at the West Wyalong site, well outside the natural range of M 
alternifolia, are consistent with that of populations within or nearby the natural range. 
Therefore, climatic data for those environmental parameters known to be associated with 
flowering of trees (Chapter 4.1 - daylength, mean maximum and mean minimum temperatures, 
and rainfall) for the two orchard sites were examined, to explore possible relationships between 
flowering in M a/ternifolia and environmental parameters. Analysis focused on the two orchard 
sites as it was in these sites that phenology had been studied (Chapter 4.4.1); as noted above, 
some relevant data were also available for the Coombell natural population. 
Day length 
Daylength data for the two orchard sites and for the Coombell natural stand are 
summarised in Figure 4.16. The pattern of annual variation and absolute values of daylength for 
all these sites are almost identical; all sites have winter minima of the same duration, in the 
month preceding bud initiation. It therefore seems likely that the timing of initiation of 
flowering in M a/temifolia is associated, at least indirectly, with variation in daylength. 
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Figure 4.1 6 Average day length of first day each month of 2004 and 2005 at 
West Wyalong, Wollongbar and Coombell, NSW 
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Temperature 
Mean maximum and minimum temperatures for both orchard sites and years are presented 
in Figures 4.17 and 4.18. The pattern of annual variation in both maxima and minima is similar 
across sites; the values and range of variation for minima are more similar at both sites than are 
the maxima. Winter minima are a few degrees lower at West Wyalong than at Wollongbar, 
whereas summer maxima are higher at West Wyalong, and winter maxima higher at 
Wollongbar. The pattern of variation in both maximum and minimum temperatures follows that 
of daylength, and thus appears associated with flower induction in M a/ternifolia. 
As noted in this study, and previously by the Tea Tree Breeding Project, the trees at West 
Wyalong SS02p can flower heavily at one year of age, whereas those trees grown in warmer 
regions, such as at Wollongbar, rarely flower heavily before two years of age. The consistent 
difference in winter mean minimum temperature - at or under 5°C for three months in each of 
the years of observation (Figure 4.17) at West Wyalong, but never below 5°C at Wollongbar 
(Figure 4.18) - suggests this may be an important factor. Percentage of tress flowering at West 
Wyalong in 2004 and 2005 was much heavier than at Wollongbar (Figure 4.14), which supports 
the hypothesis that a minimum temperature below 5°C promotes flowering. While there was 
substantial bud production at West Wyalong in 2006 and 2007, these buds failed to develop into 
flowers because of the severe drought conditions (Chapter 4.4.2.2). The glasshouse experiment 
discussed in Chapter 4.4.5 was established to further investigate the effects of temperature on 
flowering. The relationship between rainfall and flowering is discussed below. 
E' 
.s 
c 
0 
~ 
:!:: 
c. 
·0 
~ 
a.. 
450 
400 
350 
300 
250 
• 200 • 
150 • 
100 lt •• 
50 
.. 
. 
• 
40 
35 
30 
0 
25 '<._.. 
~ 
2 
20 ~ 
., 
a. 
15 E 
~ 
10 
5 
0 0 
4' ,.,, ~~ ,.4' ~#. ~,,· '<!!~ ,.,,,~ ~,§J. <11" <f>. 1§'0 
~Total Month ly Precipitation (mm) 
__.,._.Mean Maximum Air Temperature ( 0C) 
• • •· • Mean Minimum Air Temperature ( 0C) 
West Wyalong 2004 
450 
400 
E' 350 
.s 300 
c 
0 250 
~ 
"" 200 c. 
·0 
~ 150 
a.. 
100 
50 
• .. 
.. 
• . 
,.. .. 
4' ,.,, .f ,,4' .I' ~~ ·I' ~&! # <11" ~ 1:.<i' 
"" ~Total Monthly Precipitation (mm) 
_._,_.Mean Maximum Air Temperature (~C} 
• • • ~ - Mean Minimum Air Temperature (~CJ 
West Wyalong 2005 
40 
35 
30 u 
L 
25 
"' ;;;
a; 
20 Q) 
c. 
15 E 
10 
Cl) 
I-
5 
76 
450 40 
400 35 
- 350 E 30 
.§. 300 
25 
5 250 
• +:> 20 
.l!1 200 
·a. 
.• 15 
·u 150 ,.. ~ 
Q.. 100 10 
• 
JI 
50 •• 5 
•. 
0 0 
"'t"' ,'I? ~IS ,.<t # ~"'e 4' ,,,~ .:p<i <!> <l I!'~ 
~Total Monthly Precipitation (mm) 
--+-Moan Maximum Air Temperature (' C) 
• • • • • Mean Minimum Air Temperature ('C) 
West Wyalong 2006 
~ 
~ 
.a 
~ 
Q) 
a. 
E 
Q) 
I-
450 
400 
- 350 E 
5 300 
g 250 
i6 
·-·. 
=a. 200 ... ••• 
. 
·u 150 . Q) 
• a: 100 
50 
O+" ...... ....,_......,,...,. ..... '-T-11"-r'""'-,""""..-....... ....,_, ...... --+ 
~ ,~ .IS ,.<t ~~ -f0 ~ ,..,~ <!'<i o?J- ,I' if' 
~ 
~Total Monthly Precipitation (mm) 
• • • • • Mean Minimum Air Temperature ("C) 
--Mean Maximum Air Temperature ('C) 
West Wyalong 2007 
40 
35 
30 
25 
20 
15 
10 
5 
Figure 4.17 Mean maximum - mm1mum temperature and mean precipitation 
during 2004 - 2007 at West Wyalong SS02p 
450 
400 
350 
E' 
.§,300 
g 250 
~ 200 
a. 
·u 
~ 150 Q.. 
100 
50 
450 
400 
. -·. 
~ .. 
~Total Monthly Precipitation (mm) 
--+-Mean Maximum Air Temperature (' C) 
• • •· • Mean Minimum Air Temperature ('C) 
Wollongbar 2004 
40 
35 
30 0 
~ 25 ~ 
.a 20 ~ 
• Q) a. 15 E 
Q) 
10 I-
5 
40 
35 
E 
.s 
c 
0 
.,. 
s 
·o. 
·o 
2! 
Q.. 
450 
400 
350 
300 
250 
200 
150 
100 
50 
. -· 
.. 
.. 
·-
•• 
-.f ,_11; / -ffe' # ~~ ~"' .,.,<t 4'<i Jr ,,_o4 o'°' 
~Total Monthly Precipitation (mm) 
--+-Mean Maximum Air Temperature ('C) 
• • • • • Mean Minimum Air Temperature (' C) 
Wollongbar 2005 
450-r--~~~~~~~~~~~~-. 
400 
40 
35 
30 
25 
20 
15 
10 
5 
0 
40 
35 
0 
~ 
~ 
::l (ii 
(ii 
a. 
E 
.!!! 
0 
~ 
2! 
~ 
~ 
8. 
E 
~ 
350 30 E' 
.§. 300 25 
0 
~ 
- 350 E 
_§,300 
30 E 25 
c: 
0 
"" E 
·o. 
"(3 
Q) 
a: 
250 
.. 20 
200 • 
·-· 
15 
150 
• 
... 
100 10 
50 
O+£liL,.Ji:.J..,.J...,._,.~..--..-"'L,-li:.J..,.J...,._,._..._,....,......., ...... "+O 
~"' ,;; ~(i' ,,,<i' ~#> ~(f> ~~ ~<t """ ,fl- <f>~ ii' 
~Total Monthly Precipitation (mm) 
--+-Mean Maximum Air Temperature (' C) 
• • •· • Mean Minimum Air Temperature (' C) 
Wollongbar 2006 
~ 
~ 
Q) 
a. 
E 
Q) 
I-
g 250 
~ 200 • 
a. 
·13 Q) 150 .. ·- .. ~ •. . 
a: 100 .. .. ... 
50 
o~1.,-t'1.,J""'-r....,,._,....,_,.....,..,-....,.......,_....,.-.....,..,......+ 
~Total Monthly Precipitation (mm) 
--+-Mean Maximum Air Temperature ("C) 
• • • • • Mean Minimum Air Temperature ("C) 
Wollongbar 2007 
20 
15 
10 
5 
0 
Figure 4.18 Mean maximum mm1mum temperature and mean precipitation 
during 2004 - 2007 at Wollongbar SS02 
~ 
::l 
~ 
Q) 
a. 
E 
., 
I-
77 
RainfaU 
Total monthly precipitation in the years of observation at the two orchard sites is shown in 
Figures 4 .17 and 4 .18. The total rainfall over 3 months, from 1 September to 30 November, at 
the Coombell natural population, for 1994 to 2000, and the two orchard sites (for West 
Wyalong, for the period 2003 to 2007; for Woilongbar for 2004 to 2007), are shown in Figures 
4.19 to 4.21, where it is plotted against mean flowering intensity at each site. 
The mean flowering intensity of M. alternifolia in both the natural and seed orchard 
populations appeared to be associated with total monthly precipitation during the spring season 
(Figures 4.20 and 4.21). Figure 4.20 shows clearly the impact of low winter-spring rainfall in 
West Wyalong SS02p, which appears to be linked to the very low flowering success in this 
orchard in 2006. In a plantation of M alternifolia growing at Atherton, North Queensland, 
which has a cold winter and low winter-spring rainfall, heavy flowering can be induced with 
irrigation applied during late August to early September, coinciding with the flower induction 
period. In contrast, earlier irrigation had no effect on flowering (T. Marnane26, pers com. 12 
November 2008). 
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Figure 4.19 Relationship between total 3 month rainfall (September -
November) and mean flowering intensity27 of M. a/ternifolia at 
Coombell natural population, 1994 to 2000 (no data were 
available for flowering intensity in 1998) 
26 T. Maenane. 12 November 2008. Mela!euca alternifolia producer, North Queensland. 
27 Flowering intensity at Coombell natural population was measured by counting the number of 
inflorescences per tree (subsection 4.2.1) 
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Figure 4.20 Relationship between total 3 month rainfall (September -
November) and mean flowering intensity28 of M. alternifo/ia at 
West Wyalong SS02p from 2003 to 2007 
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Figure 4.21 Relationship between total 3 month rainfall (September -
November) and mean flowering intensity29 of M. alternifolia at 
Wollongbar 5502 from 2004 to 2007 
Conclusions - environmental parameters influencing flowering of M alternifolia 
It seems evident from the data presented in this section that daylength, or a closely 
correlated parameter such as radiation or minimum temperature, controls floral initiation in M, 
alternifolia. The suggestion from the Tea Tree Breeding Project observations (J. Doran30, pers 
com. 06 February 2005) that minimum temperatures of less than 5°C promote heavier flowering 
appears to be supported by these results; this issue is investigated further in the next section. 
Flowering success is clearly associated with rainfall, and thus soil moisture availability in these 
populations. 
28
+
28Flowering intensity at West Wyalong seed orchards were measured by estimating the 
percentage of the tree covered with flowers using 8 point scale (subsection 4.2.2) 
30 J. Doran. 06 February 2006. Research Fellow CSIRO, Canberra. 
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4.4.5 Glasshouse experiments - effect of temperatures and a 
growth retardant on production of floral buds 
First Experiment (2006) 
A summary of the results by experimental treatments is provided in Table 4.7 . Only three 
clones of the fi ve tested produced floral buds. Seventy five percent of the sample trees that 
received paclobutrazol demonstrated morphological characteristics such as reduced height, 
small leaves, and shorter internodes. However, the application of paclobutrazol did not enhance 
the number of floral buds in these 24-month-old M. alternifolia ramets (REML analysis; Wald 
stat = 0.68, d.f = L, X = 0.4). In contrast, the cold temperature treatment did influence the 
number of floral buds significantly (Wald stat = 7 .69, d.f = I , X = 0.006). The interaction 
between paclobutrazol application and cold treatment had no significant influence on the 
number of buds produced (Wald stat = 0 .42, d.f = 1, X = 0.52). 
Table 4.7 Mean and associated standard error of number of floral buds 
produced by 24-months-old ramets of M. a/ternifolia in glasshouse 
experiment 1, under two temperature regimes and with or without 
the application of paclobutrazol 
l"reatment/Clone Paclobutrazot · ··~J.',~,·,··.'.·.·.~·.'  • .. -',:·_·.·.·.-,.· .·.·;·)': .• ,, Control ·· ~· .. - , · ·~;>;fr·\ ·~._,..,. • 
.... , . ~ ··~·· t r:~_ :: i--- · _· -· ...,,.•_~;._--.-_ ___,~· -" -·~ __ . _ · __ _,..,_...._-l--_"'_' _':.·_,_·.< ~ ·.·1; ---......---'~"'"'··'_:~•·"~'' ---1 
'\' ~.~:~~1 ·Z~;,;. ·· Warr:n temp Cold temp "' ,,..,;~ ~ ;·. warm temp ·- . Cold temp ~o; • 
..t ,,· o,1;->;~ · ;; .1, -i~ • '~ :• f~ I I:)::.•• : ... ~. , t' ~'. • -.. :• - .- ' i• •J<o,1f 
BA 3/1/3 8.3 ± 8.3 50 ± 26.4 5 ± 5 21.25 ± 21.25 
BA 33/1/4 0 17 ± 12.4 0 17 ± 10.7 
CA 48/3/5 0 0 0 0 
CD 6/1/2 0 25 ±25 0 0 
DP 2/2/5 0 0 0 0 
Second Experiment (2007) 
A summary of the results by experimental treatments is provided in Table 4.8. In this 
experiment, only one clone produced buds; however, a clear morphological effect on leaf 
development was recorded in 85% of sample trees to which paclobutrazol was applied . It is 
thought that the seque ntial setting of batches of cuttings to build up plant numbers of each clone 
for this experiment inadvertently induced juvenility in the plant material, and this is the reason 
why most c lones did not flower in this experiment. For the single clone which produced 
flowers, the mean number of flower buds was influenced by temperature (REML analysis; Wald 
stat= 11.45, d.f = 2, X = 0.003). Sample trees rece iving 4 months of cold treatment produced 
more flower buds than those that received two months of cold (Figure 4.22). The application of 
paclobutrazol did not significantly increase the occurrence of floral buds on sample plants 
80 
(Wald stat = 2.34, d.f = I, x = 0.13), although this result may be an artefact of the data set). The 
mean number of floral buds was slightly influenced by the interaction between temperature and 
paclobutrazol treatments (Wald stat= 5.83, d.f = 2, X = 0.054). 
Table 4.8 Mean and associated standard error of number of floral buds 
produced by 24-months-old stem cuttings of M. a/ternifolia in 
glasshouse experiment 2, under two temperature regimes and with 
or without the application of paclobutrazol 
. ;!" ·"'·: . ..; Control ,. 
... :,. · 
./ 
81 
., 
W,a~.rri , 2mo'c01d : ·4f11p cold -. ~· I ~· ·~1.~.w'\..j . • . , ~'~<. ' ~; J \" f :-·. ';• .. :; :.:·::f ·~ .· ,,: 
BA 3/1/3 0 0 0 0 0 0 
BA 33/1/4 0 0 0 0 0 0 
CA 48/3/5 0 0 0 0 0 0 
CD 6/ 1/2 0 0 0 0 0 0 
DP 2/2/5 0 0 0 0 0 0 
C2 0 12.4 ± 12.4 184.5± 21.1 0 0 24.8 ± 
C4 0 0 0 0 0 0 
C11 0 0 0 0 0 0 
C57 0 0 0 0 0 0 
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Figure 4.22 Mean number of floral buds, and associated standard errors, 
produced by 24-month-old stem cuttings of a single clone M. 
alternifolia in glasshouse experiment 
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4.5 Discussion 
4.5.1 Flowering pattern of M. alternifolia 
The flowering phenology of M. alternif olia in a natural stand at Coombell, NSW, Australia 
was observed from 1994 to 2000. In general, trees in this stand produce buds in October with 
peak flowering in November. The majority of trees budded and flowered annually, although a 
few trees flowered twice or three times a year. Irregular flowe ring in the natural range of 
various Melaleuca species was also reported by Quinn and Barlow ( 1989). 
Flowering in the seedling seed orchards of M. alternifolia, both at Wollongbar SS02, 
nearby the natural range of the species in northern NSW, and at West Wyalong SS02p well 
outside the natural range of the species in south western NSW, was similar to that in the 
Coombell natural stand in northern NSW. Bud development commenced in October and 
flowering was prolific in November in all three populations. 
The relatively consistent time of peak flowering 111 M. alternifolia in the two 
geographically-distant seedling seed orchards was notable ; although the timing of peak 
flowering differed slightly between populations, it was consistent across years within a 
population. No significant difference was observed in terms of first flowering between the two 
seedling seed orchards during 2004 and 2005 observations, but the time of peak flowering in the 
Wollongbar SS02 occurred one week prior to that of West Wyalong SS02p. This may reflect 
the warmer minimum temperatures and the higher rainfall. A previous study showed that a 
slightly warmer climate influenced the earlier time of flowering of box-ironbark species rn 
Rushworth forest in northern Victoria, Australia (Keatley and Hudson 2007). 
These results showed that the commencement of flowering of M. alternifolia is determined 
by environmental parameters that are common across the study sites. Daylength, or its correlates 
such as radiation, seem the most likely candidates, although this study was not able to separate 
the effects of daylength from that of low temperature during the induction period. Day length is 
known to determine regular flowering times of E. bicostata (House 1997). The seasonal 
regularity of flowering in this species may be also due to the time of reproductive activity 
coinciding with the seasonal patterns in factors such as temperature and the intensity of solar 
radiation (Bolotin 1975; Friedel et al. 1993). 
Within-population synchronicity of flowering was also strong, with flowering lasting for 
only 4 to 6 weeks in each season. High levels of synchronicity occurred in both the seedling 
seed orchard populations during the observations; it was not possible to assess synchronicity 
from the data available for the natural population. As discussed in Chapter 4.1, flowering 
phenology - including synchronicity - is influenced by both genetic and environmental factors, 
including resource availability (eg. soil moisture). 
The regularity in flowering time can lead to a reliance on specific pollinators by a 
particular species, which in turn contributes to reproductive success (Proctor et al. 1996). 
Synchronicity of flowering may also attract a greater number of pollinators; outcrossing may be 
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improved through the intense competition among pollinators (Faegri and van der Pijl 1979; 
Primack 1980; Bawa 1983; Rathcke and Lacey 1985; Ims 1990). 
However, although synchronicity within a population is important to attract pollinators, the 
synchronicity and short flowering period of M. alternifolia present several disadvantages to 
reproductive success. For example, since the flowering period is short, the plants are likely to 
produce many flowers per day; the opportunity for self-pollination is likely to increase as the 
flower is hermaphroditic, and the pollinators tend not to seek rewards from other trees in the 
population (Bawa 1983; O'Brien and Calder 1993; Williams and Woinarski 1997). 
Furthermore, mass flowering poses a higher risk of reproductive failure caused by bad weather 
(Bawa 1983). 
4.5.2 Flowering intensity of M. alternifolia 
Specific seasonal conditions, particularly temperature and rainfall (Porter 1978; Law et al. 
2000), have been suggested as controlling the intensity of flowering by forcing bud 
development (House 1997). For example, Law et al. (2000) found that twenty Myrtaceous 
species experienced their most prolific flowering period after receiving the highest monthly 
rainfall; the coolest temperatures also affected the flowering of nine Myrtaceous species on the 
mid-north coast of NSW. The flowering intensity o_f individual trees may vary between years 
(Ashton I975b; Griffin 1980) and between stands (Ashton I975b). This variation might be 
caused by the availabil ity of resources for inducing bud development (House 1997). For 
instance, leaf production in £. marginata was reduced during the flowering period (Abbott and 
Loneragan 1986). 
The results of this study show that the intensity of flowering and the number of trees 
flowering in the natural population at Coombell, NSW, varied between the years surveyed. 
Flowering intensity was very low during 1994 and 1995, with less than 11 % of total trees 
flowering. This may have been due to limited moisture availability, resulting from the low 
spring rainfall in 1994 and 1995 (Figure 4.19). Spring rainfall significantly increased from 1996 
to 1999 with more than 80% of individual trees in this stand producing abundant flowers during 
this period. 
In the seedling seed orchards, a significant difference in flowering intensity was found 
between years of observation, and between sites and families. Flowering intensity in West 
Wyalong SS02p increased markedly from 2003 to 2005, probably due to increasing maturity of 
the stand, and then dramatically decreased in 2006 due to the prolonged drought after bud 
initiation. There were no significant differences in terms of flowering intensity in Wollongbar 
SS02 over the 2004 and 2005 observation period. Variation in flower production has been 
associated with environmental conditions (Florence 1964; Pryor 1976; Ashton 1979; Law et al. 
2000). Soil moisture and high rainfall prior to the time of bud development are generally cited 
as the most important factors i,nfluencing bud initiation and flower development (Porter 1978; 
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Moncur and Boland I 989; Law et al. 2000). The effects of rainfall or lack of rainfall, on flower 
production were also observed in this study. During 2006, when a drought occurred in West 
Wyalong SS02p preceding bud development, only 2.5% of the total trees in this site flowered 
because floral buds aborted prior to development (see Table 4.5). 
This study a lso found that flowering intensity between the two seed orchards varied 
s ignificantly. Individual trees in West Wyalong SS02p demonstrated greater intensity of flower 
production than indi vidual trees in Wollongbar SS02. In this study, cold temperatures and 
moisture availability prior to flower development are suggested as factors influencing mass 
flower production in West Wyalong SS02p. The positive effect of low temperatures prior to 
bud development on the induction of flowering has also been reported for some Eucalyptus 
species (Moncur 1992; Law et al. 2000). Differences in flowering intensity between sites are 
typical in natural stands, for example in Eucalyptus (Burgess and Griffin 1990; Law et al. 
2000). This may also be influenced by the range of ages among trees within a natural stand. 
Longer day length at West Wyalong means that trees receive more solar radiation and this might 
also be a factor contributing to the higher flowering intensity at West Wyalong compared to 
Wollongbar. 
A significant difference in flowering intensity was found between families growing in the 
seedling seed orchards. All families common to both seed orchards flowered during 2004 and 
2005, but the intensity of their flowering in West Wyalong SS02p was much greater than in 
Wollongbar SS02. This clearly reflects the influence of environmental variables; there is strong 
c ircumstantial evidence supported by the results of glasshouse experiments that this was due to 
the lower minimum temperatures, below 5"C, at West Wyalong. 
The high percentage of families flowering in the two SSOs should ensure that the level of 
inbreeding is minimised (Fries 1994). Furthermore, the genetic variation in orchard- derived 
seedlots should represent the family composition of the seed orchards (Kalinganire et al. 2000). 
It was also noted by the author that trees which produced an abundant crop of flowers also 
produced large seed crops. Trees at West Wyalong SS02p flowered much earlier than at 
Wollongbar SS02; between 50 and 65% of trees had flowered by 2 years at West Wyalong 
SS02p. It took 3 to 5 years for the trees at Wollongbar SS02 to reach a similar percentage of 
trees flowering . 
This study indicates that flower buds are initiated every year once trees are mature and 
have rece ived the cotTect stimuli to flower, but that development into a seed crop is uncertain, 
due to losses of flower buds and immature fruit. Low soil moisture as a result of reduced 
precipitation following flower bud initiation appears to have a significant detrimental effect on 
subsequent floral development. 
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4.5.3 Environmental parameters influencing flowering 
Day length 
The daylength data for all study sites were almost identical, suggesting that the time of 
flower initiation in M. alternifolia is associated with variation in daylengh, or with a closely 
correlated parameter. Increasingly warm temperatures associated with increasing daylength -
such as those prior to floral bud development, in August, September and October - have been 
suggested as a significant influence on the timing of flowering (Keatley and Hudson 2007). 
Temperature 
Variation in maximum and minimum temperatures m both orchards suggested an 
association of temperature with fl ower induction. During the winter season in the years of 
observation, the maximum and minimum temperatures in the West Wyalong SS02p were lower 
than those in the Wollongbar SS02. Low temperatures in advance appear to stimulate floral bud 
development, suggesting minimum temperature as the factor responsible for the younger age of 
flowering, and the more prolific flowering, of M. alternifolia at West Wyalong compared to 
Wollongbar seed orchard. 
Experimental observation m the glasshouse showed that transferring ramets of M. 
alternifolia from a heated glasshouse to outside cold conditions for four months (May to 
August) and back to the heated glasshouse was sufficient to induce floral buds in at least some 
clones. Transferring ramets of one clone after only two months of cold conditions, however, 
was not sufficient for induction (Fig 4.22). 
Low temperatures have been demonstrated experimentally to induce floral buds in E. 
lansdowneana (Moncur 1992); the reduction in leaf initiation and plant growth in £ . 
lansdowneana following exposure to low temperatures may well have been responsible for the 
floral response. Low te mperatures may well be a trigger for the flowering of nine species of 
Myrtaceae in the mid-north coast of New South Wales (Law et al. 2000). 
Rainfall 
Rainfall during spring (3 months, September - November) appears to be assoc iated with 
the flowering intensity of M. alternifolia in both natural populations and seed orchards. In warm 
climates, such as the Wollongbar region, environmental variables such as water stress may be 
important in the induction process (Jackson and Sweet 1972). The release from water stress has 
been reported as being a stimulus for flowering. For example, Pook et al. ( 1997) reported that E. 
maculata flowered heavily after the break of drought conditions. 
On the basis of these results, seed orchards of M. alternifolia should be located in areas 
which receive low temperatures during the winter induction period. The conditions at West 
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Wyalong resulted in early and heavy flowe1ing. Unfortunately, the rainfall at West Wyalong is 
not sufficient for year-round growth and supplementary irrigation will be required if this site is 
to achieve its potential for seed orchards. The results from these experiments have indicated the 
importance of minimum temperature in induc ing floral buds in M. alternifolia although the 
exact amount of cold stimulus needs to be uncertain. Further research is required on the role of 
moisture conditions in the production of floral buds in M. alternifolia. 
4.5.4 Influence of paclobutrazol on flowering 
Although the glasshouse experiments to study the effects of the growth retardant, 
paclobutrazol, on flower induction were far from conclusive, an application of paclobutrazol 
failed to induce floral buds on M. alternifolia plants if they were not exposed to a period of low 
temperatures. This is consistent with the results for £. nitens (Moncur and Hasan 1994) and for 
E. globulus (Hasan and Reid 1995). A period of cold appears to be essential for floral induction 
in these two temperate eucalypt species. 
A number of studies have reported a lack of floral response to applications of 
paclobutrazol. For example, application of paclobutrazol to a seed orchard of M. alternifolia 
south of Lismore (Doran et al. 2002) and a seed orchard of M. cajuputi subsp cajuputi grown in 
Indonesia (Hendrati et al. 2002) did not increase the number of trees flowering nor the number 
of flowers per tree, despite clear morphological effects. In these cases, paclobutrazol appears to 
be ineffective without an environmental inducer such as low temperature or water stress. 
Neither stimulus was evident in these two trials. Further studies on the use of paclobutrazol and 
the exact amount of cold stimulus to improve flowering in M. altern~folia are necessary. 
4.6 Conclusions 
M. alternifolia is remarkably consistent 111 its marn flowering period both within and 
outside of its natural range in NSW. This occurs during the months of October to November 
with the peak in November. Howe ver, occasional trees do flower outside of this period, as 
evidenced by the few individuals in the natural stand at Coombell ( I 0% of trees in 1995) that 
flowered in other months. Duration of flowering during spring is also remarkably consistent 
throughout its natural and planted ranges. This suggest that floral initiation is associated with 
day length, or closesly associated factors, as there was no significant difference in the annual 
day length pattern between sites in this study. Typically, flowering lasts for three to four weeks 
irrespective of site. 
Age to first flowering and abundance of the flower crop appears to be associated with site 
climatic factors and particularly temperatures during the .period of floral induction and rainfaJI 
during the spring season . For example, trees of matching open-pollinated families at West 
Wyalong SS02p flowered much earlier and heavier than trees at Wollongbar SS02. This 
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appears to be associated with the lower temperatures at West Wyalong during the period of 
floral induction. Results from the glasshouse trials in this study showed that clones receiving 
low temperatures (below 5uC) for four months had enhanced floral induction compared to those 
held at wanner temperatures. Flowering intensity of M. altemifolia and success in producing 
capsules appears to be strongly associated with the total rainfall received during the spring 
fl owering season. A drought at this time can have devastating effect on the flower crop as 
evidenced at West Wyalong in 2006. 
An obvious question arising from these results for further research is the impact on 
flowering intensity of any interaction between temperature and moisture availability during the 
period of floral induction. 
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Chapter 5: Self-incompatibility in 
M. alternifolia 
5.1 Introduction 
Self-incompatibility is a common characteristic of many flowering plants (Bawa 1974; 
Bawa and Beach 1983). As discussed in Chapter 2 subsection 2.5.1, self-incompatibility may 
result from a variety of mechanisms, such as the failure of self pollen grains to adhere to the 
stigma or the failure of pollen tubes to grow down the style (de Nettancourt I 977; Richards 
1997). There have been reports of more than one self-incompatibility mechanism operating in a 
species, which may act at both the pre- and post- zygotic levels (Sedgley and Griffin 1989). The 
genetic control of a pre-zygotic incompatibility system may be either gametophytic, when the 
incompatibility phenotype of the pollen is determined by its haploid genome, or sporophytic, 
when the pollen exhibits the incompatibility phenotype of its diploid parent (de Nettancourt 
1977; Sedgley and Griffin 1989; Richards 1997; Franklin-Tong and Franklin 2003). 
Barlow and Forrester ( l984), in a study of several compatible intraspecific crosses of 
Melaleuca species, repmted that gametophytic self-incompatibility occurs in these species. 
They also noted that self-pollen tubes of M. hypericifolia and M. thym!folia arrest in the ovary, 
whereas those of M. capita ta arrest in the micropyle. Seavy and Bawa ( 1986) and Sage et al. 
( I 994) characterised the failure of selfed flowers to produce frnits, despite the self-pollen tube 
growing successfully in the style to the ovary, as the phenomenon of late-acting self-
incompatibility. This has been reported to occur in several My1taceous species such as in 
Eucalyptus regnans (Sedgley et al. 1989), E. cladocalyx and E. leptophylla (Ellis and Sedgley 
1992), E. nitens (Pound et al. 2003) and E. globulus (Pound et al. 2002a, 2002b). 
A recent study of M. cajuputi subsp cajuputi in a seedling seed orchard in Yogjakarta, 
Indonesia, found that, in general, this species has a high level of self-incompatibility (JSl=0.05), 
although some individual trees were completely self-compatible (Kartikawati 2005). However, 
several studies have noted that the mechanisms controlling preferential outcrossing, which 
reduce inbreeding and promote heterozygosity, vary between species (Sedgley and Griffin 
I 989; Potts and Gore 2000). Results from previous studies of Melaleuca species (Barlow and 
Forrester 1984; Ka1tikawati 2005) lead to the hypothesis of this present study that self-
incompatibility mechanisms operate in M. alternifolia. 
Melaleuca alternifolia, which flowers annually during spring (Chapter 3), is considered to 
have a breeding system that is preferentially outcrossing, although selfing is not uncommon 
(Butcher et al. 1992; Rosseto et al. 1999; Doran and Moran 2002). As discussed in Chapter 
2.5.2, information on the level and the mechanisms of self- incompatibility is essential to 
determine the best breeding strategy for M. alternifolia. However, published studies on the 
mating system of M. alternifolia (Butcher et al. l 992; Rosseto et al. I. 999; Doran and Moran 
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2002) are limited in the information they present on the level of selfing in this species. The 
mechanism by which self- incompatibility acts in M. alternifolia is unknown, as is the impact of 
selfing on capsule, seed and seedling deve lopment. Therefore, this chapter reports investigations 
of each of these topics for M. alternifolia. 
There are two principal methods of determining whether or not individual trees are self-
compatible: ( 1) by conducting controlled pollination with self- and outcross-pollen, then waiting 
for seeds to mature and making comparisons of germination rate and growth of seedlings from 
each pollination (Pound et al. 2002a); and (2) by conducting controlled pollination with self-
and outcross-pollen, then investigating pollen tube growth in the pistil (Tibbits I 988a; Pound et 
al. 2003). Both methods were used in this study to investigate the self-incompatibility 
mechanism of M. alternifolia. This study was also able to use a standard half-diallel mating 
design to investigate the mode of genetic control of seed yield in M. alternifolia through 
estimation of general and specific combining abilities. 
This Chapter, therefore, presents the methodology and results of observations and 
experiments investigating the self-incompatibility of M. alternifolia, and discusses implications 
of the results for breeding strategies with this species. The aims of this series of experiments 
were: 
1. to determine the differences of capsule set resulting from self- and cross- pollination; 
2. to determine when capsule set can be predicted prior to harvesting; 
3. to determine the differences in seed germination and seedling growth resulting from cross-
and open- pollination; 
4. to estimate the mode of genetic control of seed production from self- and cross-pollination; 
5. to determine the nature of incompatibility mechanisms. 
5.2 Materials and Methods 
The two approaches described above were used to investigate self-incompatibility in M. 
alternifolia; the materials and methods used in each component of the study are described 
below. 
5.2.1 Investigating the effects of self- and outcross- pollen on 
capsule set, seed germination and seedling growth 
5.2. 1. 1 Controlled pollinations 
A set of controlled pollinations was carried out to investigate the effects of self- versus 
outcross- pollination on capsule set, seed germination, and seedling growth. The work 
conducted to develop the controlled pollination method is described in Appendix 6. The 
controlled pollinations were made in West Wyalong SS02p and Wollongbar SS02, both of 
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which were described in Chapter 1.6, during November 2004. The trees used for the pollen 
source experiments were from four different families which were randomly selected from 
heavily flowering families in each seed orchard. The original provenance of the families was 
used as the means to ensure that sample families were unrelated. 
Due to the essentially simultaneous flowering period of M. alternifolia at both orchard 
sites (as described in Chapter 4.4.2), artificial pollination at each site was undertaken by two 
different teams. The team at West Wyalong SS02p comprised Dr. John Doran and Mr. Mike 
Moncur (both formerly of CSIRO) and the author; the team at Wollongbar SS02 comprised Mr. 
Paul Warburton (CSIRO) and Mr. Gary Baker (NSW DPI). All team members were 
experienced in controlled pollination work with Melaleuca and/or Eucalyptus. 
The trees at the West Wyalong SS02p site used for controlled crossing were 3 years old at 
the time the pollinations were conducted. Pollen collection, flower emasculation, and controlled 
pollinations were carTied out from 12 - 16 November 2004. The trees used at the Wollongbar 
SS02 site were 4 years old at the time of pollen collection, flower emasculation and controlled 
pollinations which were conducted from 2 - 6 November 2004. 
Pollen samples were collected from four trees on each site, with additional pollen collected 
from one 3-year-old clone number DP 2/2/5)1 growing in an ANU glasshouse. Trees were 
chosen based on budding data recorded in October 2004; these data were used as a predictor of 
the availability of fl owers. It was intended to undertake controlled crosses with the same 
fami lies at both study sites. However, due to the limited availability of flowers in the same 
families at the two s ites, the only family which was ultimately common across si tes was family 
35. For this reason, pollen from clone number DP 2/2/5 was used to provide another common 
parent across the two sites. 
Pollen samples for controlled crosses at West Wyalong SS02p were collected from trees in 
families number)2 32, 35, 48 and 50, and samples for crosses at Wollongbar SSO were collected 
from families number') 27, 35, 58 and 98. Where possible, families were selected from different 
provenances to ensure they were unrelated; families 32, 35 and 48 at West Wyalong SS02p had 
to be used due to the limited availability of flowers at the time. Methods for pollen collection 
were those described in Chapter 3.3.4.2.1. 
The controlled crosses were undertaken at both sites, using the half-diallel mating designs 
illustrated in Table 5. 1 and Table 5.2. Half-diallel designs were used because the crosses made 
were also being used by the Tea Tree Breeding Project (Doran et al. 2002; Baker et al. 2006) 
" Pollen from clone number DP 2/2/5 - provenance Devils Pulpit was chosen as a male link for 
controlled pollination between Wollongbar SS02 and West Wyalong SS02p. The clone was 
chosen from 5 other clones growing in an ANU glasshouse based on the availability of flowers. 
:1
2 Families and original provenances: 32 - Devils Pulpit, 35 - Devils Pulpit, 48 - Candole, 50 -
Cando le. 
31 Families and original provenances: 27 - Candole, 35 - Devils Pulpit, 58 - Coombell, 98 - Hell 
Hole. 
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for estimating genetic parameters, specifically non-additive variances (Ditlevsen 1985; 
Williams et al. 2002; Baker et al. 2006) of growth and oil traits. 
F 
E 
M 
A 
L 
E 
F 
Table 5.1 Half-diallel mating design used in controlled crosses of M. alternifolia 
in West Wyalong SS02p 
MALE 
. , .. 
. DP 2/.215 • 32 48 35 I '• ~ 50 .. . . . . 
' 
.. 
DP2/'?}5 
" 
32 ~- \.t;J 
,_~ .. 
32x DP 32 x 32 32 x 48 
~8 ' ' 
, 
48 x DP 48 x 32 48 x 48 48 x 35 . 
'35 
' 
35 x DP 35 x 32 35 x 48 35 x 35 35 x 50 
so ~ " }~. ·~· ; 50 x DP 50 x 32 50 x 48 50 x 35 50x 50 
j; ii'' I 
Table 5.2 Half-diallel mating design used in controlled crosses of M. alternifolia 
in Wollongbar SS02 
MALE 
DP 2/2/5 '.!-f 98 \. •· i', ! 58 35 ;, .. '/ 27 ' • 
~:.... ' 
E DP 2/2/5 '.'J 
M 
A 
L 
E 
.98 ·~ • ,. 98 x DP 
58 x DP 
35 x DP 
27 ' 27xDP 
98 x 98 
58 x 98 
35 x 98 
27 x 98 
58 x 58 
35 x 58 35x 35 
27 x 58 27 x 35 27x27 
Two branches carrying at least 50 flowers per branch, subtended by healthy vegetative 
buds, were randomly chosen from each selected seed orchard tree as material for the controlled 
crosses. The controlled pollination methods used; emasculation, bagging, pollination, and 
capsule harvesting, are described below. 
5. 2.1.1.1 Emasculation 
Emasculat ion (i.e. removal of all male parts) of the flowers was undertaken on advanced 
buds (the criteria for bud development were those described in Chapter 3.5. L .1.2.1 and Figure 
3.5.A). Any immature buds and open flowers, and any immature capsules from the previous 
year's crop, were removed from the selected branches. As the anthers do not shed their pollen 
for a few days after extension (Chapter 3.5. 1.1.2.2), emasculation can be conducted when the 
stamina! columns have started to uncurl (Figure 3.5.C). 
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Advanced buds were emasculated by opening the top of the bud with sharp tweezers and 
removing sepals and filaments carefully, to protect the style. Close examination with a XlO 
magnifying glass showed whether anthers had been successfully removed. It was also necessary 
to remove some foliage from the selected branches to avoid a build-up of moisture within the 
pollination bag. At least 50 flowers were emasculated on each branch. This was a difficult and 
time-consuming task because of the small size ofthe flowers (Chapter 3.5.1.1.1 and Table 3.5). 
5.2.1.1.2 Bagging 
Once emasculation was completed, each branch with emasculated buds was carefully 
placed in a pollination bag (Figure 5.1). The bags used were made of non-woven polyester34. 
Non-absorbent cotton wool or a rubber mat was placed at the base of the bag as insulation for 
the branch and to ensure exclusion of insects. Strong wire ties were used to seal the pollination 
bags. Bags were clearly labelled using a metal tag and a colour tag (TYTAGS, Figure 5.2). The 
number of emasculated buds, the type of controlled cross that was subsequently made, the year 
and the bag number were clearly written on the label. All data appearing on the tags were 
recorded in the controlled pollination records kept by the Tea Tree Breeding Project. 
Figure 5.1 Emasculated flowers of M. alternifolia in pollination bag (PBS 
International, Bag Type PBS 10-1) 
Photo by Liliana Baskorowati (2005) 
5. 2.1.1. 3 Controlled pollination 
Pollen from all families used as male parents in the mating design was collected one week 
before pollination, dried using a freeze drier, and stored in separate glass vials for each family in 
34 Pollination bag type PBS 10-1 , size 255 x 510 mm, window size 120 x 120 mm manufactured 
from non-woven polyester by PBS International Plant Breeding Supplies, UK. 
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a deep freezer at temperature -l 8°C. Pollen for self-pollination was collected from the same 
individual tree as the flowers to which it was to be applied; the pollen used for outcrosses was 
collected from the same tree as that for the self-pollination. Methods for pollen collection, 
extraction and gennination testing were as described in Chapter 3.3.4.2. Pollen was tested for 
germination ability before use, using the pollen viability test method described in Chapter 
3.3.4.2.4. In this case, the pollen viability for each family was greater than 75% (range 75% -
86%). During pollination in the field, the vials containing pollen were kept in an icebox at all 
times, to minimize the loss of viability. 
Controlled pollinations, using either cross- or self- pollen, were made on day 2 after 
emasculation for each branch of emasculated flowers. The pollination bag was removed, and 
pollen applied using a small paintbrush (Figure 5.3). The paintbrush and pollinator's hand were 
sterilised, using 100% ethanol to avoid contamination between pollinations, and allowed to dry 
before undertaking the next pollination. 
Once the pollination for each branch was complete, the pollination bag was replaced and 
tied to the branch, to avoid contamination. The number of buds pollinated was recorded in the 
Tea Tree Breeding Project's controlled pollination records. All pollinations were completed 
within 4-5 days at each site. 
All pollination bags were removed in the third week (approximately 19 days) after 
emasculation, when all remaining stigmas were clearly unreceptive (Chapter 3.5.2). The number 
of buds remaining and their general appearance were noted and recorded when the bags were 
first removed, and then during subsequent inspections in December 2004, March 2005 and 
October 2005 (1 , 4 and 11 months after pollination, respectively). 
Figure 5.2 Branches carrying the controlled pollination buds labelled with 
coloured and metal tags 
Photo by Liliana Baskorowati (2005) 
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Figure 5.3 Pollinating emasculated buds with a small paintbrush 
Photo by Liliana Baskorowati (2005) 
5.2.1.1.4 Capsule harvest 
Capsules were harvested in March 2006; approximately 16 months after the controlled 
pollinations were effected. The capsules from each branch were removed and counted before 
being placed in paper bags for drying. Counts were recorded on pollination record sheets, and 
each bag was marked with the pollination bag number. 
The capsules were allowed to dry out in the laboratory for approximately tWo months, to 
release their seed and chaff. The mixed seed and chaff from each bag were placed into glass 
vials and stored in a cool room at temperature -5°C until required for gennination testing. As 
discussed in Chapter 3.3.2.2, because seeds and chaff of M a/ternifolia are very small and 
morphologically similar, it was impossible to separate seed from chaff reliably. 
5.2. 1.2 Seed viability testing 
Seeds resulting from th.e different pollination treatments were germinated in a germination 
cabinet to investigate their viability. This study was carried out from January to March 2006 at 
the Australian Tree Seed Centre, CSIRO Forest Biosciences Yarralumla, Canberra. As 
discussed in Chapter 3.3.2.2, samples consisting of a mixture of seed and chaff were sown in 
petri dishes (160 dishes, each with 0.01 gram of seed and chaff m.ix) on moist Whatman filter 
paper on top of 30 ml of A-grade vermiculite and 28 ml of distilled water. Germination 
temperature and germination counts used in this experiment were as described in Chapter 
3.3.2.2. Healthy germinated seedlings were recorded on a daily basis for up to 42 days. The 
experimental design used in the gennination cabinet is given in Appendix 4. 
94 
5.2.1.3 Seedling development assessment 
The purpose of this study was to assess the survival and development of seedlings 
originating from different crossing treatments. Five seedlots representing three types of crosses, 
controlled-pollination (families 27 x 98, 27 x 58 and 27 x 32), open-pollination (27) and self-
pollination (27 x 27), were used in this study. The seedlots used originated from Wollongbar 
SS02; they were sown in September 2007 in the ANU glasshouse (details are presented in 
Chapter 1.6). 
In September 2007, 0.0 I mg of mixed seeds and chaff from each of the six seedlots were 
sown into vermiculite in punnets. The seedlings were transplanted into polythene pots in 
October 2007, and grown on in the ANU glasshouse. Fifteen replicates (pots) of each seedlot 
were randomly chosen for the study. The experimental design adopted for the study used a row-
column design, with 15 rep I ications of 5 treatments (i.e., seed lots from the three types of 
crosses; see Appendix 5). Seedling survival and growth (height and diameter) were assessed 
monthly from January to March 2008. 
5.2.2 Investigating self-incompatibility based on pollen tube 
growth 
Fieldwork to provide the materials with which to investigate self-incompatibility on the 
basis of pollen tube growth was undertaken in West Wyalong SS02p during November 2005 
and November 2006. This study was not duplicated at Wollongbar SS02 due to constraints of 
time and resources. Subsequent laboratory work was carried out in the Electron Microscopy 
Unit (EMU) of the Research School of Biological Sciences (RSBS), ANU, Canberra. 
5.2.2. 1 Crossing design and conduct 
The original intention of this study was to undertake the cross- and self-poll inations in the 
same half-diallel mating design described above (Table 5.1). However, due to limitations of 
flower availability on those trees in the half-diallel mating design and limited time for 
undertaking controlled crosses, only two families - number 32 (included in the mating design) 
and 99 (not included in the mating design) - were used in this study. Consequently, a reciprocal 
mating design was used in this study: one individual of each of fami lies 32 and 99 was crossed 
in each direction with an individual of the other, and both individuals were self-pollinated, using 
the methods described above. This crossing was undertaken in November 2005 at the same time 
as undertaking the work described in Chapter 5.2.1. 
The fieldwork was conducted a second time, in November 2006, with the original intention 
of using the mating design presented in Table 5.1. However, the number of trees which 
flowered during this season was very low. Ultimately, only three families, 32, 48 and 53, were 
used in this second experiment. In this experiment, a polymix, comprising a mixture of pollen 
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from 4 unrelated families collected during the November 2005 flowering season, was used. The 
pollen mix, comprising pollen frpm four families - numbers 12, 15, 50, and 99 - was 12 months 
old, and had been stored in a deep freezer at -18"C. A pollen viability test undertaken before 
pollination found it to have a mean germination percentage of 22%. 
The treatments in the second experiment comprised cross-pollination (32 x polymix, 48 x 
polymix, and 53 x polymix), self pollination (32 x 32, 48 x 48, and 53 x 53) and open 
pollination (each of 32, 48 and 53). All pollen used in the second experiment were collected 
during the November 2005 flowering season. Methods of pollen collection are described in 
Chapter 3.3.4.2.1. Methods of controlled pollination are those described in Chapter 5.3. l . l 
above. A minimum of 50 flowers per treatment per tree were emasculated, pollinated and 
bagged. 
5.2.2.2 Field harvest and microscopy 
A minimum of 10 pollinated flowers per treatment per tree were harvested at l, 2, 3, 4, 7 
and 9 days after pollination in the November 2005 fieldwork, and at 4, 7, 9 and 14 days after 
pollination in the November 2006 fieldwork. The harvesting i.ntervals were detetmined based on 
the resul ts of previous studies of Myrtaceous species: Leptospermum spp (O'Brien 1994), 
Eucalyptus globulus (Pound et al. 2002a), and E. nitens (Pound et al. 2003). A minimum of 25 
flowers subject to open pollination were also collected on the 14'" day after they had opened 
during the November 2006 observations. 
The style and hypanthium from each treatment were fixed in Carney's fixative (6 : 3 : 
absolute ethanol : chloroform : glacial acetic acid) for a minimum of 24 hours, transferred to 
75% ethanol, and stored in a deep freezer (- 18"C). Prior to examination, the fixed material was 
dehydrated through an alcohol series (90%, 70% and 30%), and then softened in 0.1 N sodium 
hydroxide at 60"C for a minimum of 5 hours, stained with decolourised aniline blue overnight 
(Martin I 959), and prepared for observation under a microscope. 
Individual styles were incised longitudinally and the skin of the hypanthium was dissected 
and incised longitudinally so that the ovules could be seen clearly. A small amount of PBS 
(Phosphate Buffered Saline) solution was added to the slides, and the styles were then gently 
squashed onto microscopy slides. All ovules from each locule were mounted onto microscope 
slides. The slides were observed using fluorescence microscopy; these slides could be stored in 
a refrigerator for up to 3 days to allow for subsequent observation. 
A single count of the number of pollen tubes in each style was made at the top, middle and 
bottom of the style using a counter, under a Zeiss Axiophot microscope in fluorescence mode. 
The total number of pollen tubes penetrating the ovules was also recorded. 
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5.3 Statistical analysis 
The statistical analyses applied to each of the data sets generated are summarized in Table 
5.3. 
Table 5.3 Statistical analyses used to investigate the incompatibility 
mechanisms of M. alternifolia 
pbjective ·! 
• 
. , 
1. Determine the 
differences in 
capsule set 
between self- and 
out-cross 
pollination 
2. Determine when 
capsule set can be 
predicted prior to 
harvesting 
3. Investigate seed 
germination and 
seedling 
development from 
self- and cross-
pollination 
4. Estimate the mode 
of genetic control 
of seed production 
from self- and 
cross-pollination 
5. Examine the 
nature of self 
incompatibility, 
based on pollen 
tube growth 
Data ge!lerated arJ~ hansformation (if any) 
The number of capsules set on subject 
branches of every sample tree in the mating 
design 
The number of capsule set were used as Y-
variate and the controlled pollination as a 
treatment 
The number of capsules pollinated and 
capsules set at 1, 4 and 16 months 
The number of capsules were use as 
response variate and time of observation as 
fixed effect 
1. Count of the number of seeds germinated 
in each sam pie 
The seed yields were used as response 
variate; row, column, shelves, type of 
pollination and seedlot were set as fixed 
effects 
2. Monthly stem diameter and height, 
measurements of seedlings over 5 months. 
Height and basal diameter data were used 
as response variate; seedlot, row and 
column were used as fixed effects 
Estimation of the general combining ability 
(GCA) and specific combining ability (SCA) for 
seed yield. 
1. Counts of the number of pollen tubes in 3 
different positions (upper, middle and lower 
point of style) 
2. Counts of the number of pollen tubes 
penetrating ovules 
Data were transformed into square roots to 
meet a normal distribution assumption. The 
number of pollen tubes were set as 
response variate and seedlots, position of 
observation; days to harvesting of styles 
were set as fixed effects 
Statistical .analysis 
. ~ . ,., 
One-way ANOVA 
General linear 
regression using 
REML 
General linear 
regression using 
REML 
General linear 
regression using 
REML 
Manual calculation 
based on Griffing 
(1956) Model I, and 
REML analysis 
using ASREML 
program 
General linear 
regression using 
REML 
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5.4 Results 
5.4.1 Effects of pollen source on capsule set 
The results of controlled pollinations undertaken at the West Wyalong and Wollongbar 
orchards are summarised in Table 5.4. Crosses with parent DP 21215 were unsuccessful, for 
reason that are unknown, and were excluded from the data set. 
None of the controlled self-pollinations at West Wyalong yie lded capsules. Two of those 
made in 2005 at Wollongbar, 58x58 and 27x27, yielded capsules; however, thi s seems likely to 
have been an artefact of the self-pollination method used, which may have allowed 
contamination. The reasons for this are discussed further in subsection 5 .5. I below. Therefore, 
these self-pollinations were repeated in 2006 using the same methodol ogy used at West 
Wyalong; no capsules resulted (Table 5.4 B). 
Table 5.4 Numbers of f lowers pollinated, and capsules harvested and 
percentage seed set from controlled pollinations in (A) West 
Wyalong SS02p and (8) Wollongbar SS02. 
(A) West Wyalong SS02p 
MA LE 
Parent DP 2/2/5 32 48 35 50 
DP 2/2/5 - - - - -F 
' 143 165 ·: 
32 nil .o 40 - -E '• ··\" o· : 24 
'· 
M 68 88 103 48 nil 15 0 
.: ~~· 36 -
22.1 o· 35 A 58 183 103 56 ., 
35 nil .. 
; 
39 74 0 8 L 67.2 40.4 0 < J:r 14.3 
100 11 3 57 1'13 1' 
'::1 E 'f ;'f> . 50 nil 70 86 19 o.. . ... 
"' • 'I 
•• i-'. .. 'C' .. ~. ~ . 70 76.1 33.3 ,,. .o 
• c •• I . 'I · ~ I 
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(B) Wollongbar SS02 
Parent DP 2/2/5 
F DP 2/2/5 -
E 98 nil 
M 
A 
58 nil 
L 35 nil 
E 
27 Nil 
Legend tor each cell : 
Number of flowers pollinated 
Number of capsules harvested 
Percentage of seed set 
M A 
98 58 
- -
250 
0 -
0 
51 160 
3 9 \ 
s:p 20 
11 23 
1 2 
9.1 8 .7 
84 237 
67 15 
79.8 40.5 
L E 
58 (2006) 35 21 · 27 (2006) 
- -
- -
58 /~:'.:• i 
0 
- -
' 0 ' 
.. 
220 
0 
~ ! 
-
0 
' 
• t'.· < 
;~. ,:y: .... ; ', ' ~ ,!,.J' t .:~ 97". : ~· 
67 . 3,60 ,. t, '0 )~:;~~~~~,,;~ 0. ~~.~-f~\\i-~:~... .•· 46 "120 .·:ti 't:"''":;;,. i' ·_fi(r·~ 9 
68.7 33.3 ·'.t<~ t. ' ~ ~~"~'.. 
Table 5.5 Number of capsules set following cross-pollination (CP) and self-
pollination (SP) 
Female pare~t . ' " ·;:~· Cross~ ,:;. ~·' ·Self- .. ~-ig~ifi:~~ce./~·!' '. ,_;, ,: .. "· , .. ·' 
-:··. . : pollinatio~ pollinat ion 
' ... :~ 
" .. ; 
Wollongbar West Wyalong 
2005 
32 24.00 ± 2.67 0.00 *** 
35 42.40 ± 10.41 0.00 ** 
48 23.47 ± 9.57 0.00 * 
50 65.24 ± 8.43 0.00 *** 
2006 
27 0.00 0.00 
58 0.00 0.00 
35 0.00 0.00 
On the basis of the outcomes of crosses made in 2006 with those parents from which self-
pollination in 2005 apparently produced capsules (parents 58 and 27 at Wollongbar), it can be 
concluded from the whole data set (Table 5.5) that true self- pollination does not produce 
capsules in any of the parents tested, and that capsule set differs significantly between self-
pollination and cross-pollination. 
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The number of capsules set from artificial self-pollination can be used for predicting the 
self- incompatibility index (ISI) (Daf ni 1992). Zapata and Aroyo ( 1978) defined this index as: 
Fruit set from self-pollination 
TSI = --------------------------------------
Fruit set from cross-pollination 
> 1 =self-incompatible 
>0.2< I =partially self-incompatible 
<0.2 =mostly self-incompatible 
0 = completely self-incompatible 
Because no artificial self pollinations of M. altern!folia were succesfull, the ISi values 
estimated here were all zero, assigning M. alternifolia to the "completely self-incompatible" 
category of the index. 
5.4.2 Prediction of capsule set 
Results show that M. altemifolia capsules have a long maturation period of 16 months 
after pollination (Chapter 3.5.1.2). It is of practical interest to the breeder to know whether final 
capsule retention at maturity can be predicted from earlier observations. The data set allowed 
this question to be investigated, by comparing observations of capsule set at I, 4 and 16 months 
at 7 sample trees. 
The counts of immature capsule numbers at 1 and 4 months after pollination compared 
with the number of pollinated flowers shows that the mean number of capsules set on each 
sample tree was significantly less than the number pollinated (Wald stat = 148, d.f. = 3, = X 
<0.001), but that this decrease was almost entirely associated with events during the first month 
after pollination. The mean number of capsules set did not decrease significantly after 1 month 
(Figure 5.4). These results demonstrate that the final number of capsules set can be predicted by 
a count of capsules set 1 month after pollination. 
en 70 Q) 
:I 60 en 
a. 
50 t'CI u 
-
40 0 
(ii Q) 30 
.s::J en 
E 20 T T 
:I T 
c 10 
c 0 t'CI 
Q) 
E pollinated 1 month 4 months 16 months 
(harvested) 
counts by time 
Figure 5.4 Mean number of capsules pollinated and set at 1, 4 and 16 months, 
and associated standard errors (sample size= 14) 
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5.4.3 Effects of pollination treatment on seed germination 
The mean number of germinated seeds resulting from outcross or open-pollination varied 
significantly (Wald stat = 250.2, d.f. = 19, X = <0.00 1; F igure 5.5), with artificial cross-
pollination producing more viable seeds than open-pollination. 
250 
"O 
Q) 
200 
.._ Q) 
Q) (/) 
150 ..0 "O E a> 
:J ~ 
c: ro 
c: .!: 100 
ro E Q) .._ 
~ ~ 50 a 
0 
outcross (n=79) open (n=47) 
Pollination treatment 
Figure 5.5 Mean number of seeds germinated and associated standard error 
from outcrossed- and open- pollination (n = sample size) 
The mean number of germinated seeds also va1ies significantly between seedlots 
treatments (Wald stat= 272, d.f. = 19, x = <0.001; Figure 5.6). 
"O 
Q) 
Q) 350 
(/) 300 
"O 
Q) 250 ro 
c: 200 
"§ 
<ll 150 
CJ) 
a 100 
.... 50 Q) 
.0 
E 
:J 
0 
c: 
c: 
ro 
Q) 
E 
Figure 5.6 Mean number of seeds germinated, and associated standard errors, 
from different seedlots 
n = indicates the sample size; for cross pollination seedlots, the female parent is given 
first and pollen source second; a single number seedlot indicates material derived from 
open pollination 
It is also evident from Table 5.6 that crosses involving family number 35 and 50 as mother 
trees generally produced more viable seeds than those involving other famil ies as mother trees, 
although 35 did fail as a female parent in Wollongbar SS02. 
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Table 5.6 Mean, minimum and maximum numbers of germinated seeds in 0.01 g 
samples from controlled crosses at (A) West Wyalong SS02p and 
(B) Wollongbar SS02 
(A) West Wyalong SS02p 
M A L E 
32 48 35 
F ')·' ' 175 
32 
-
~ ·'~ 
•· 
125-227 
-
... 
E 8 
97.2 '~ ::i: •!~~~:;):/:'I~ '.~ 126 M 48 78-136 85-181 
4 ; ,.i' : ti,:;'.')~~.. J 7 
A 257.5 239 
35 199-275 199-275 " 
-
. ' 
L 8 8 
258.5 217 176.8 
E 50 174-336 143-287 159-196 
8 8 4 
(B) Wollongbar SS02 
M A L E 
F 
E 
M 
A 
L 
E 
98 
58 
3535 
27 
98 
49 
49-49 
1 
215 
158-250 
8 
58 
107.9 
55-189 
7 
I =mean number of germinated seeds per 0.01 gram 
2 =minimum value and maximum value 
3 = number of samples 
35 
176 
156-198 
5 
·_: ,;;; . 
~ .' -.- ··i,; .. 
50 
-
-
166.7 
141-216 
3 
., 
- •r 
. ,,."·.· 
27 
~ 
,· 
,7 
'' . 
'_} 
Ooen 
88.8 
51-109 
5 
92 
46-141 
5 
252 
161-332 
17 
189 
46-141 
5 
Open 
95.7 
46-160 
9 
62.8 
16-221 
15 
137 
55-210 
11 
A recent study of the germination of£. camaldulensis seeds found that positioning of petri 
dishes in the germination cabinet affected the germination counts (Williams et al. 2002). 
Therefore, this study used an experimental design which allowed for position in the germination 
cabinet to be treated as a design factor (Chapter 3.3.2.2.). In this case, REML analysis with the 
seedlot, treatments and shelves as fi xed effects, and interaction of row, and column as random 
effects, showed that mean number of seeds germinated did not differ significantly between 
shelves (Wald stat = 4.2 d.f. = 7, x = 0.76). This means that the position of the sample in the 
experimental design did not affect seed germination. 
35 No capsules were produced from family number 35 as the female in Wollongbar SS02; thus it 
was not possible to undertake a seed germination test for this family 
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5.4.4 Effects of pollination treatment on seedling growth 
Growth parameters for seedlings resulting from the two pollination treatments and from 
the four farrillies from different types of mating assessed for growth at 3 months are shown in 
Figures 5.7. Seedlings from two types of pollination (Figure 5.8) varied significantly in terms of 
both height (Wald stat = 14.8, d.f = l , x = <0.001) and basal diameter (Wald stat= 10.1, d.f = 
1, x = <0.001) growth, with those from cross-pollination larger in both cases. 
0 10 20 30 40 50 60 
ll!I height (cm) • diameter (mm) 
Figure 5. 7 Mean height and diameter growth and associated standard errors of 
four families of M. alternifolia from different types of mating (n = 
sample size). 
Figure 5.8 Three-month-old seedlings from open- and cross- pollination of 
M .alternifolia grown in the ANU glasshouse 
Photo by Liliana Baskorowati (2007) 
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5.4.5 General and specific combining ability estimates for 
seed yield 
The general combining ability (GCA) and the specific combining ability (SCA) of the seed 
yield from the diallel mating design were calculated for crosses at West Wyalong SS02p only, 
due to the small number of seed produced from the mating design at Wollongbar SS02. 
Estimations were calculated manually, using Griffing' s ( 1956) Model I methods; only 4 
replications of each cross were used for the calculation because of an imbalance in the number 
of replications. GCAs were calculated across the complete data set (i.e. for each parent, as male 
and female pooled). 
Applying a mixed model residual maximum likelihood (REML) model, and fitting a 
GCA!SCA model to the whole data set from West Wyalong SS02p, returned essentially the 
same results as those obtained manually from the reduced data set. The former are presented in 
Table 5.7. The GCA effects did not differ significantly (P = 0.38), but the differences in SCA 
effects between crosses were highly significant (P = 0.002). 
This results shows the large reciprocal differences in SCA between the 35 x 48 cross and 
48 x 35 cross, which suggest that reciprocal differences maybe of importance in evaluating the 
breeding potential of cross or family. This result suggests that there are no differences between 
parents in additive effects of seed yield, and that differences for seed yield between families 
were caused by non-additive effects, i.e. family differences in seed yield were due to particular 
gene combinations rather than to the average effects of genes (Table 5.7). However, the 
reliability with which this conclusion can be drawn must be qualified by the small size of the 
data set. GCA's are calculated a cross all the data. A larger number of families are needed for 
more detail evaluation, however these results were provided as a useful base for future research. 
32 
48 
35 
50 
Table 5.7 General and Specific Combining Abilities estimated from REML 
analysis for seed yield of M. alternifo/ia in a half-diallel mating 
design at West Wyalong SS02p 
SCA effects 
GCA effects 32 48 35 50 
-7.19 '.t~:. -62.09 
,1,, 
-32.56 -82.90 iii'- -''''~- ;:<~ .. ... -62.54 
15.56 56.92 43.67 
24.19 61.73 23.05 -13.54 
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5.4.6 Self-incompatibility based on pollen tube growth 
5.4. 6.1 November 2005 experiment 
The maximum number of pollen tubes at the three positions in the style (top, middle and 
bottom of style, as described in subsection 5.2.2.2) was recorded 4 days after pollination. Pollen 
grains had germinated on the stigma of the styles harvested at 1-, 2- and 3- days after 
pollination; however, only low numbers of pollen tubes grew down the styles towards the ovary. 
Therefore, results of the pollen tube growth assessment described here focus on styles 
harvested at 4, 7 and 9 days after pollination. In general, pistils from all types of pollination 
observed after 4, 7 and 9 days following pollination showed straight pollen tubes located within 
pistil walls (Figure 5.9 A). However, abnormalities were evident in the styles and in the ovules 
of several self-pollinated pollen tubes. Abnormalities included disoriented pollen tubes, multiple 
small tube clusters, and abortion (Figure 5.9 B and C). These abnormalities are often used as 
indicators of incompatibilities (O'Brien 1994). 
B 
A c 
Figure 5.9 Fluorescence micrographs of pollen tube growth in M. alternifo/ia 
pistil, stained with decolourized aniline blue. 
Notes: Figures A - 4 days after cross-pollination; Band C - 4 days after self- pollination 
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The mean number of pollen tubes, averaged over the 3 positions in the style at 7 days from 
pollination, varied between crosses in the treatments (Figure 5.10; Wald stat = 114.4, d.f. = 3, X 
= <0.001), for both self-pollination and cross-pollination. The average number of pollen tubes 
following cross-pollination was greater than that from self-pollination. 
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.0 0 32x32 (self; n=20) E 99x99 (self; n=15) 32x99 (cross; n=11) 99x32 (cross; n=30) 
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Figure 5.10 The mean number of pollen tubes averaged over 3 positions in the 
style at 7 days from pollination, and associated standard errors, for 
self- and cross-pollination treatments (November 2005 experiment; 
n = sample size) 
The time elapsed from pollination to style harvesting significantly influenced the average 
number of pollen tubes in the style (Figure 5.11; Wald stat= 27.1, d.f. = 2, X = <0.001); the 
average number of pollen tubes declined significantly as interval to harvesting of the style 
increased, from a maximum in the 4'" day after pollination. The mean number of pollen tubes 4 
days after cross pollination was greather than 7 days and 9 days after cross-pollination . 
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Figure 5.11 Mean number of cross-pollination pollen tubes averaged over 3 
positions in the style and associated standard error of M. 
alternifolia, at increasing intervals from pollination (November 
2005 experiment; n = sample size) 
106 
5.4.6.2 November 2006 experiment 
As described in subsection 5.2.2.1, the pollen used for cross-pollination in this experiment 
was a mix from trees in 4 different families . The result shows that the mean number of pollen 
tubes varied between type of cross (Figure 5.12; Wald stat = 427.8, d.f. = 8, x = <0.001 ). There 
was great variation in the mean number of pollen tubes between self- , cross- and open-
pollination, with fewer pollen tubes resulting from self-poll ination compared to cross- and open-
pollination. It can be seen from Figure 5.12 that mean number of pollen tubes varied between 
sample trees, with a highe r mean number of pollen tubes in fam ily 32 compared to other 
families . 
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Figure 5.12 The mean number of pollen tubes averaged over 3 positions in the 
style at 7 days from pollination, and associated standard errors, for 
self-, open- and cross-pollination treatments (November 2006 
experiment; n = sample size) 
As in the preceding experiment, the average number of pollen tubes detected in the style 
also declined with the time from pollination to style harvesting (Figure 5. 13), but the difference 
was not statistically significant (Wald stat= 7.7, d.f. = 2, x = 0.052). 
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Figure 5.13 Mean number of cross-pollination pollen tubes averaged over 3 
positions in the style, and associated standard errors, of M. 
a/ternifolia at increasing intervals from pollination (November 2006 
experiment; n = sample size) 
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Observations of the ovules using fluorescence microscopy suggest that no ovules were 
penetrated by pollen tubes at 4, 7 and 9 days after pollination. Some penetration was recorded 
14 days after pollination. Analysis of data from 14 days after pollination shows that the number 
of pollen tubes penetrating the ovules varied between pollination treatment (Table 5.8; Wald stat 
= 53.5, d.f = 2, x = <0.001), with cross-pollination resulting in the highest mean number of 
ovules penetrated by pollen tubes, followed by open- and then self- pollination treatments. 
Pollen tubes were observed to have penetrated ovules at the micropyle (Figure 5 .14) and 
generally had grown through the nucleus tissue towards the embryo sacs (Pound et al. 2002a). 
Table 5.8 Mean ovule penetration by pollen tubes from self·, cross- and open-
pollination, 14 days after pollination (November 2006 experiment) 
' . ~ Number of penetrated ovules per flower(%) ~ ,..,._. ,, 
~ .. 
Sample tree Self-pollinated Cross-pollinated Open-pollinated 
· .. 
48 0.12(n=21) 7.5 (n=19) 0.8 (n=25) 
32 0.21 (n=18) 4.2 (n=16) 1.3 (n=25) 
53 0.15 (n=13) 5.3 (n=8) 1.3 (n=23) 
Figure 5.14 Fluorescence micrograph of arrested pollen tube in the ovule 14 
days after cross-pollination (November 2006 experiment); the 
hypanthium was stained with aniline blue 
-
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5.5 Discussion 
5.5.1 Effect of self- and out-cross pollen on capsule set, seed 
germination and growth 
The crosses made at both experimental sites that were unambiguously the result of self-
pollination (the four parent trees at West Wyalong SS02p, and the two parent trees in the 
November 2006 controlled crossing at Wollongbar SS02) suggest that M. alternifolia does not 
produce capsules from controlled self-pollination. The small sample size makes it difficult to 
conclude that self-pollination can not occur. The results from Wollongbar SS02 in the 2005 
experiment would appear to be an artefact of the experime ntal method, which re lied on bagging 
un-opened fl owers and leaving them for 2 weeks. This method did not involve emasculation of 
anthers or controlled pollination; it assumes that self-pollination occurs naturally between the 
same flowers on the same tree. The results obtained from the 2005 experiment confirm that this 
method is not appropriate for investigating the effects of true selfing; as the results from Chapter 
3.5.1 demonstrate, this technique is problematic since, in any inflorescence, the development of 
buds is acropetally progressive; the apparently un-opened flower, when bagged, is likely to 
contain some buds which are already at the stage just before anthesis (see Figure 3.3 in Chapter 
3.5.1.1.2.2.) and, as results to be presented in Chapter 6 suggest, may already be contaminated 
by other pollen. Controlled selfs had been attempted without success, suggesting a level of 
incompatibility in this species. 
However, some related mating clearly occurs in M. alternifolia. Doran and Moran (2002), 
using molecular methods, found that selfing rates of M. alternifolia in crosses without 
emasculation varied from 5% to 28%. This result was broadly consistent with those of previous 
studies of M. altenifolia, which found outcrossing rates of 93% and 86% (Butcher et al. 1992; 
Rosseto et al. 1999). In this context, the results of the controlled self-pollinations in this study 
suggest either variation between fam ilies in the extent of self-incompatibility, or that non-
outcrosses are the result of related matings, rather than of selfing per se; or both. 
The complete self-incompatibility found here differed from results reported in the tropical 
Melaleuca species M. cajuputi subsp cajuputi, where a study of self-incompatib.ility found that 
only one of eight sample trees demonstrated self-incompatibility, with an overall index of self-
incompatibility of 0.05 (Kartikawati 2005). This value of JSI for M. cajuputi subsp cajuputi 
places it in the mostly self-incompatible category, based on Zapata and Aroyo's (1978) 
classification. 
Se lf-incompatibility in the Myrtaceae is reportedly widespread. For example, Eucalyptus 
morrisbyi has a complete self-incompatibility system (Potts and Savva 1988); £. regnans and E. 
globulus show partial self-incompatible, with some individuals setting no or significantly fewer 
seeds following controlled self-pollination compared to controlled outcross-pollination (Griffin 
et al. 1987; Ellis and Sedgley 1992). Variation of self-incompatibility within species, such as E. 
regnans and E. grandis, has also been reported (Potts and Savva 1988; Ellis and Sedgley 1992). 
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In this study, the number of germinated seed and growth rate (height and basal diameter) 
of cross-pollinated seedlings were greater than those resulting from open pollination. This 
suggests that seed produced from open-pollination may contain self- or related pollen, which 
leads to a level of inbreeding depression. The differences in growth rates of the four families 
(Figure 5 .7) may be attributable to the limited sample size for this study . However, the 
s ignificant difference in height and diameter growth between families 27x58 and 27x98 and the 
two other familes indicates the potential for improving family performance. 
5.5.2 General and specific combining ability of seed yield 
Information on the relative importance of additive and non-additive genetic variance is 
essential for developing appropriate breeding strategies (Quencez and Bastien 2001 ). Estimates 
of general and specific combining abilities of seed yield of M. alternifolia resulting from the 
small half-diallel mating design employed in this study suggested highly significant variation 
between crosses in SCA, but no significant variation between parents in GCA. Significant SCA 
effects provide evidence that non-additive gene action, in the form of dominance and/or 
epistasis, is contributing to the genetic variation among families of M. alternifolia. While this 
result is quite apparent for this data set, the small number of parents included in the mating 
design means that further investigation, with a larger number of parents, is necessary to validate 
this result. 
Genetic variance of seed set has been studied principally in agricultural plants, including 
Cicer arietinum l. (Sigh et al. 1992), Medigo saliva (Sigh 1978; Bulanos-Aguilar et al. 2001), 
and Phaseolus vulgaris l. (Wassimi et al. 1986). Sigh (1978) reported both GCA and SCA 
variances to be significant for seed yield per plant and number of seed per pod of seven clones 
of Alfalfa (Medigo saliva). In contrast, another study of Alfalfa shows that the GCA effects 
contributed most of the genetic variance for seed yield (Bulanos-Aguilar et al. 2001). 
Comparison of resu lts from crop plants with those for M. alternifolia is complicated by 
differences in mating systems. It has generally been thought that additive genetic effects are 
usually more important than non-additive effects in forest trees (Wilcox et al. 1975; Zobel and 
Talbert 1984). However, several studies have found significant SCA: for example, Wilcox et al. 
( 1975) reported dominance variance as higher than additive variance for height, diameter and 
volume of 5-years-old Pinus radiata. Balocchi et al. ( 1993) reported that the relative magnitude 
of these effects may vary over time in P. radiata. 
5.5.3 Pollen tube growth in M. alternifolia 
The rate of pollen tube growth in M. alternifolia is slow compared to that of angiosperms 
generally (Heslop-Harrison 197 1 ). Results from the 2005 experiment shows that pollen tubes do 
not grow between the cells of the transmitting tissue in the centre of the style for 48 hours, and 
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only reach the base of the style 4 days after pollination. The results reported here are, however, 
similar to those reported for other members of the Myrtaceae, such as E. regnans, 
Leptospermum myrsinoides, L. continentale, Chamelaucium uncinatum and Metrosideros 
excelsa (Griffin et al. 1987 ; Sedgley et al. 1989; O'Brien and Calder 1993; O' Brien 1996; 
Schmidt-Adam et al. 1999). 
The reduction in the number of pollen tubes from the upper part to the lower part of the 
style, i.e. from the stigma to the ovaries, suggests some selection between pollen tubes is 
occurring in the style. This may result from competition for space to penetrate the stigma and 
enter the style, or competition between the fastest growing tubes to reach the locules and the 
ovaries (Ell is and Sedgley 1992; O'Brien 1996). 
The results from observations at two different times demonstrate that, in general, the 
number of pollen tubes following self-pollination was less than that from cross-pollination and 
open-pollination; this result also showed that rejection of self-pollen tubes occurs in the style as 
a mechanism of self-incompatibility. Rejection in the stigma or the style is a common self-
incompatibility mechanism in plants (de Nettacourt 1977; Lewis 1979), which was 
demonstrated in E. woodwardii flowers (Sedgley and Smith 1989). The results of this study, 
demonstrating that M. alternifolia flowers are preferentially outcrossing, confirms the result of a 
previous study based on outcrossing rate (Butcher et al. 1992). 
The results of this study demonstrated that pollen tubes resulting from self-pollination are 
also capable of penetrating the ovules, but only a few do so compared to cross- and open-
pollination (Table 5.8). This also is consistent with results reported in E. woodwardii (Sedgley 
and Smith 1989). This suggests that a late-acting self-incompatibility mechanism, such as that 
found in other woody species (Bawa et al. 1985; Seavy and Bawa 1986), is also acting in M. 
alternifolia. In conjunction with the rejection of pollen tubes in the style, noted above, this 
result suggests that M. alternifolia has multiple barriers to self-fertilization. 
There was no quantitative assessment of pollen tube abnormality in this study. However, 
abnormality of pollen tubes in self-pollinated crosses, such as disorientation of growth, irregular 
tubes and spiralling tubes in self-poll inated styles, was found in several self-pollination pollen 
tubes under fluorescence microscope (Figure 5.9 B and C). A higher number of pollen tube 
abnormalities were found in self-pollinated flowers than in those subjected to cross- and open-
pollination. 
In this study, more than 50% of ovules observed 2 weeks after pollination were not 
penetrated by a pollen tube. This is may be due to the ovules being harvested too early, prior to 
fertilisation; another cause could be the physical action of preparing ovules for microscopic 
exami nation, which involved squashing the specimen, may have caused pollen tubes to be 
pulled out of the micropyles. Unclear results of pollen tubes in the ovules due to inappropriate 
methods were also found in E. globulus (Pound et al. 2002b) and E. nitens (Pound et al. 2003). 
It is recommended that additional embryological histology studies on M. alternifolia pollen tube 
development should be undertaken. 
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5.6 Conclusions 
No capsules were produced from the artificial self-pollination at West Wyalong and 
Wollongbar seed orchards, indicating complete self-incompatibility in the fami lies self-
pollinated in these orchards. Artificial cross-pollination of selected orchard parents produced 
seed with greater germinative capacity and seedlings that grew faster than the corresponding 
open-pollinated seed and seedlings from the same parents. 
Genetic variance of seed yield resulting from a small and incomplete half-diallel mating 
design showed that SCA effects on this attribute are stronger than GCA effects. However, these 
results are tentative and further study employing larger number of parents is recommended . 
Counts of pollen tubes in styles following open-, cross- and self-pollination showed that 
the number of pollen tubes following cross-pollination was greater than for the other treatments. 
Rejection of self-pollen tubes occurs in the style, which is as mechanism to reduce self-
fertilisation. However, a small number of self-pollen tubes were found to be capable of 
penetrating ovules, suggesting that late acting self-incompatibility occurs in M. alternifolia, or 
that a low level of selfing may be possible in this species. This finding that M. alternifolia is 
largely an outcrossing species confirms earlier work, involving the estimation of outcrossing 
rates in M. alternifolia using DNA analysis. 
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Chapter 6: Pollinators of M. alternifolia 
6. 1 Introduction 
The results reported in Chapter S demonstrate that the mating system of M. alternifolia is 
preferential outcrossing, that is, one in which other agents, acting as pollinators, are necessary to 
move pollen between plants (Boulter et al. 2006). As noted by Faegri and van der Pijl ( 1979) 
and Boulter et al. (2006) for plant-pollinator systems generally, flowers receive a variety of 
visitors, but not all floral visitors act as pollinators. Myrtaceous species, especially Australian 
eucalypt species, are generally pollinated by animals (House 1997), including birds and insects 
(Ford et al. 1979; Hopper and Moran 1981; Hingston et al. 2004b). The high frequency of 
insect visitors to eucalypt flowers suggests they might act as pollinators; for example, honey 
bees, nati ve bees, beetles, wasps, flies, butterflies, moths and thrips have been recognised as 
common visitors to eucalypt flowers (Pryor and Boden 1962; Ashton 1975b; Armstrong 1979; 
Ireland and Griffin 1984; Kirk 1984a; Hawkeswood 1980, 1985; Hingston et al. 2004b; 
University of California Riverside 2004). 
Faegri and van der Pijl ( J 979) classified types of pollination syndrome based on floral 
morphology. Plants with large, tubular and often pendulous flowers were characterised as being 
typically bird-pollinated; in contrast, plants with small and upright flowers were categorised as 
typically insect-pollinated, since such flowers only permit small insects to access nectar and 
pollen. As discussed in Chapter 2.6.1, nectar and pollen are the floral rewards primarily 
responsible for attracting floral visitors (Sedgley and Griffin 1989). Nectar provides the energy 
required by visitors and is acknowledged as the primary reward for many floral visitors (Keams 
and Inouye 1993). The quantity of nectar vaiies between species, between time of observation, 
and with the age of flowers (Pacini et al. 2003). While nectar is recognised as the principal 
reward for floral visitors, pollen is also known as a major attractant for many pollinators since it 
is a source of food and protein (Sedgley and Griff in 1989). 
The visitation patterns of pollinators need to be known in order to understand the important 
relationships between floral traits and reproductive success of a species (Sedgley and Griffin 
1989; Primack and Inouye 1993; Pandit and Choudury 2001). In addition, information on the 
capacity of various groups of animals to pollinate the flowers of a particular species is required 
for management of seed orchards for commercial tree plantations (Eldridge et al. 1993; Tibbits 
et al. 1997). 
There has been no detailed study of potential pollinators, and no identification of the actual 
pollinators, of M. alternifolia. Pollinator behaviour has been studied in M. pauperiflora F. Muell 
in South Australia and Western Australia; jewel beetles were found to be the principal 
pollinators of this species (Hawkeswood 1980). As discussed in Chapter 2.6.2, European honey 
bees (Apis mellifera) have previously been assumed to be a major pollinator of M. alternifolia; 
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presumably, native bees were thought to play this role prior to the introduction of European 
bees. 
This study was undertaken in this context, and is the first attempt to investigate the floral 
visitors and pollinators of M. alternifolia. In the study, manipulative exclusion experiments 
were used to identify pollinators. Exclusion experiments have been used to identify and quantify 
pollinators by partitioning visitors into different groups, and estimating fe11ilisation success by 
counting the seed set (Boulter et al. 2005, 2006). This method has been used widely in many 
flowering plants. For example, studies of Banksia species using this approach (Whelan and 
Burbidge 1980; Whelan and Goldingay 1989; Cunningham 1991 ), of Syzygium sayeri (Boulter 
et al. 2005), of E. globulus ssp. globulus, and of agricultural trees such as Macadamia 
integrifolia and Dimocarpus Longan (Blanche et al. 2006) found a correlation between 
pollinators of different sizes and seed production (Hingston et al. 2004b). 
In this study, floral visitors were observed, and captured either by direct trapping or by the 
use of sticky traps. Sticky traps were used due to the presence of very small floral visitors which 
are difficult to observe and capture. This chapter therefore addresses the following research 
questions: 
1. How much nectar do M. alternifolia flowers produce? 
2. What are the visitors to M. alternifolia flowers? 
3. What are the chief pollination vectors of M. alternifolia flowers? 
6.2 Materials and Methods 
A preliminary observation of the visitors to M. alternifolia flowers was carried out in West 
Wyalong SS02p, during the peak flowering season, in November 2005. Occasional 
observations were made from 7 .00 am to 5.30 pm over three days, to record floral visitors. 
These observations showed that M. alternifolia flowers at this site were visited mainly by 
insects, such as honey bees, wasps, flies, butterflies, beetles and thrips. No birds or mammals 
were recorded. Insects became active during warmer times of the day, from approximately 8.00 
am, and their activity decreased before dusk. A few insects were found visiting the flowers as 
early as 7.00 am and as late as 5.30 pm during windy days. Preliminary observation showed that 
no nocturnal visitors were recorded on sticky traps placed within the SSO. Therefore, 
observation of visitors in the following years was focused on both large and very small insects 
during warm conditions ( 10.00-11.00 am and 3.00-4.00 pm). 
The pollinator studies reported in this chapter were carried out principally in West 
Wyalong SS02p, in 2005, 2006 and 2007; however, as a precaution against loss of flowers due 
to drought, one part of the study (an exclusion experiment) was also undertaken in Wollongbar 
SS02 in November 2007. Details of those study sites are presented in Chapter I .6. 
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The research questions set out above were addressed through a series of studies. To 
address the first question, the availability of nectar as an attractant to pollinators was assessed. 
To address the second question, floral visitors were observed, and specimens of the insects 
visiting flowers were collected and identified. Exclusion experiments were carried out to 
investigate the third question about the most important pollinators of M. alternifolia flowers. 
The materials and methods used in each component of the study are described below. 
6.2.1 Nectar production 
Observations of floral visitors, collection of insect visitors, and assessment of nectar 
production were carried out at the same time as self-incompatibility was being studied (reported 
in Chapter 5). Nectar sampling was done during peak flowering in November 2005 in West 
Wyalong SS02p. Nectar was randomly sampled from four sample trees, which were chosen 
based on their flowering abundance; one tree was sampled in each of families 12, 15, 32 and 44. 
Branches from each sample tree were tagged and advanced open flowers were removed; only 
advanced buds were left, and these were covered with non-woven polyester bags16 to ensure that 
the nectar was not removed by pollinators. 
Nectar production can be influenced by environmental and climatic conditions (see 
Chapter 2.6.1). The bagged flowers, therefore, were opened the day after they were covered, in 
the early morning (around 7.00 am), to ensure that the amount of nectar sampled was not 
affected by increasing temperature. However, due to the very small quantities of nectar 
collected, the volume from individual flowers could not be measured. Instead, a branch carrying 
approximately 50 flowers (at the anthesis stage) was tapped onto a glass board to collect the 
nectar. Sample size varied from 50-75 flowers per branch per tree, depending on the number of 
flowers at the anthesis stage at the time of measurement. However, the aggregate nectar volume 
could still not be measured using I µI capillary tubes. Sugar concentration determination was 
attempted by placing glucose indicator paper on the accumulated nectar (Dafni 1992), but this 
did not work. 
6.2.2 Observation of floral visitors 
Observation of floral visitors was carried out on the same trees used for sampling the 
nectar during peak flowering time, in November 2005. Three branches from each sample tree 
carrying more than I 00 inflorescences were chosen and tagged. Each sample tree had 
approximately 90% of flowers open at the time of investigation. One five-minute count of insect 
visitations was can-ied out each morning between I 0.00 and 11.00 am and each afternoon 
16 Pollination bag type PBS 10-1 , size 255 x 510 mm, window size 120 x 120 mm manufactured 
from non-woven polyester by PBS International Plant Breeding Supplies, UK. 
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between 3.00 and 4.00 pm over fi ve consecutive days during peak flowering. The numbers of 
inflorescences for each sample branch, and all insect visits to each inflorescence, were recorded. 
Samples of insect visitors were also collected at this site during these two daily periods. 
Insects observed on flowers were caught either by direct trapping in glass vials or by use of a 
trapping net. Specimens were stored individually in sterilised glass bottles and preserved in 70% 
ethanol solution for identification. 
At this site, insect traps were also placed on every sample tree to assist observation of 
small insect behaviour. Insect traps were placed in the two partial exclusion treatments:- (I) 
inside a fibreglass fly-screen with 2mm ape1tures; (2) on a branch located in the middle of each 
tree without netting. Yellow sticky traps (Sticky aphid whitefly trap by Green Harvest, size 10 
x 16 cm) installed inside the 2 x 2 mm mesh (treatment I) were placed into the middle of each 
sample tree. This sticky trap was targeted to catch the very small insects that could penetrate the 
small holes in the mesh. The sticky trap was placed among open flowering inflorescences; 
however, the traps were not in contact with the fl owers. Another sticky trap (treatment 2) was 
also tied to the stem on a nearby branch, the trap being located just behind or beneath the 
selected groups of inflorescences. The sticky traps were removed from each sample tree two 
weeks after be ing installed, when all buds had reached the fully open stage . The sticky traps 
were then washed with paint remover (terpineol) to detach the insects and glue; insects were 
collected and preserved in 70% ethanol solution for identification. 
It was not possible to make an accurate assasment of the number pollen grains per insect. 
Visual observations through the microscope confirmed that insects with hairs, such as honey 
bee (Apis mellifera), had a large number of pollen grains attached in their bodies. By 
comparison, smooth bodied insects such as beetles had few if any pollen grains attached. 
Based on the results of the 2005 exclusion experiment, thrips (Thysanoptera - Thrips sp) 
and other small insects on each inflorescence were assessed on each of fi ve inflorescences of 
each sample tree at both the 2007 sites, and samples of thrips were collected for taxonomic 
identification. Sample inflorescences in which all Oowers were open were put directly into glass 
vials and immediately filled with 100% ethanol. Each vial was then clearly labelled and shaken 
to release the small insects inside or under the flowers. The number of thrips and other small 
insects on each inflorescence was counted, and those collected were subsequently identified at 
CSIRO Entomology, Canberra, by Dr Saul Cunningham, Dr Laurence Mound and Mr Kimberi 
R Pullen. 
6.2.3 Observations of pollinators of M. alternifolia 
The first observations of M. alternifolia were undertaken on selected trees at West 
Wyalong SS02p during the 2005 flowering season. Results of this experiment re.vealed the 
possibility of very small insects being pollinators. In order to confirm the 2005 observations, 
another experiment was carried out in November 2006 on five individual commercial plantation 
116 
trees located at West Wyalong, adjacent to SS02p. However, all buds aborted due to the 
prolonged drought during the 2006 flowering season. To complete the investigation, another 
exclusion experiment was carried out in 2007 in two seedling seed orchards (West Wyalong 
SS02p, in November, and Wollongbar SS02, as a back-up, in October), during the peak 
flowering season at each site. The two experiments undertaken in 2005 and 2007 are described 
below. 
6.2.3.1 Exclusion experiment 1 
The first exclusion experiment was carried out during November 2005 at West Wyalong 
SS02p on four sample trees, one each from families 12, 15, 32 and 44. Small branches in close 
proximity were allocated randomly to the following treatments: ( I) complete exclusion by non-
woven polyester bags (PBS IO- I); (2) partial exclusion by fibreglass fly-screen with 2 mm 
apertures; (3) partial exclusion by woven nylon fi shing net with 10 mm apertures; ( 4) partial 
exclusion by steel chicken wire with 15 mm apertures; and (5) no exclusion (open pollination). 
Approximately 500 - 700 flowers were allocated to each of the five treatments in each sample 
tree, depending on the numbers of flowers available. All open flowers and previous flower 
crops were removed from the branch. The number of buds was counted and recorded before 
applying the experimental treatment. All treated branches were then clearly labelled using both 
a colour and a metal tag. All bags and nets were removed from each branch after a month, when 
all stigmas had reached the post-receptivity stage. Capsule inspections were made every four 
months, and a final capsule count was undertaken after one year in November 2006. 
6.2.3.2 Exclusion experiment 2 
The exclusion experiment at Wollongbar SS02 was conducted during October 2007 on ten 
sample trees: two trees from each of five families, numbers 12, 15, 32, 44 and 7 1. In the second 
experiment, two treatments from the 2005 experiment (i.e. using 1Ox10 mm apertures and 
15x 15 mm apertures) were not included, due to the results from the first experiment (2005) 
showing no significant differences in seed set between those exclusion treatments and the open 
pollination treatment. Tn the 2007 experiment, therefore, small branches in close proximity were 
randomly chosen to receive the following treatments: ( I) complete exclusion by using non-
woven polyester bags (PBS 10- 1 ); (2) partial exclusion using fibreglass fly-screen with 2mm 
apertures (Figure 6.1 ); (3) no exclusion (open pollination). Given the height of indi vidual trees 
at this site, a cherry picker was used to reach the branches of every individual sample tree. 
The second exclusion experiment was replicated at West Wyalong SS02p during 
November 2007. Ten sample trees of M. alternifolia, two each from families 12, 15, 17, 43 and 
46, received the three treatments described above. The intention was to use the same families as 
at Wollongbar SS02; however, due to only a limited number of families flowering, the five 
families above were chosen. 
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Figure 6.1 Exclusion experiment 2 treatments: complete exclusion and 2x2 mm 
aperture bags 
Photo by Liliana Baskorowati (2007) 
6.3 Statistical analysis 
The data sets generated from the studies described above, and the statistical analyses 
applied to each, are summarized in Table 6.1. 
Table 6.1 Statistical analyses of data used for investigating pollinators in seed 
orchards of M. alternifolia 
1. Assess pollinator 
size/type by exclusion 
treatment 
2. Investigate floral visitors 
of M. alternifolia 
3. Assess presence of 
thrips and small insects 
in non-complete 
exclusion treatments 
Counts of the number of 
capsules set three months after 
exclusion treatment 
Counts of the number of insects 
visiting flowers for 5 minutes 
each morning and afternoon 
over 5 consecutive days 
Counts of numbers of thrips and 
small insects on traps in two 
non-complete exclusion 
treatments. 
General linear regression 
using REML; capsule set 
and treatments as fixed 
effects, and the sample 
trees as a random effect 
General linear regression 
using REML 
General linear regression 
using REML; the number of 
very small insects and 
sample trees as fixed 
effects and site as a 
random effect 
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6.4 Results 
6.4.1 Nectar production 
Due to the very small volume of nectar produced, attempts to measure nectar production of 
M. alternifolia flowers were not successful. Collecting nectar by tapping a branch holding 50-75 
flowers onto a glass board produced only a minute quantity of nectar, which was mixed with 
pollen and debris. This procedure also wasted flowers and damaged the trees since the sample 
branch had to be cut off. This research question was, therefore, not pursued further. However, it 
was observed that M. alternifolia flowers produced only a small amount of nectar which was 
indicated by a shiny appearance at the base of the floral cup in the morning, but this quickly 
disappeared as a result of evaporation. Attempts to measure the sucrose le vel were unsuccesfull 
due to the very small quantity of nectar sampled. 
6.4.2 Observation of floral visitors 
Observation of the insects visiting flowers of M. alternifolia in West Wyalong SS02p 
showed a variety of potential pollinators. Insects were identified at the family level (listed in 
Table 6.2). The REML analysis applied to these data investigated the variation in insect visitors 
at the family level, with this factor and the factors of time and interaction between insects and 
time considered as fixed effects, and sample trees as a random effect. The number of insects of 
different families visiting flowers varied significantly (Wald stat= 433.01, d.f. = 8, X = <0.001). 
Table 6.2 illustrates this variation, and shows that very small insects from the family Thrips 
were the most frequent floral visitors, followed by those from the Muscidae and Syrphidae, both 
of which are flies. There was no significant correlation between the number of insect visits with 
the time of observation (morning or afternoon) (Wald stat = 0.1 6, d.f. = 1, x = 0 .68), nor any 
significant interaction between time and insect visitations (Wald stat = 6.48, d.f. = 8, X = 0.59). 
These results suggest that the time of day, and associated temperature differences, did not 
influence the number of insect visitations to flowers. 
A variety of small insects was found on sticky traps (Sticky aphid whitefly traps by Green 
Harvest, size 10 x 16 cm), both inside and outside the 2 x 2 mm mesh. However, there was no 
significant difference in the mean number of small insects between the two treatments (Wald 
stat= 3.09, d.f. = I , X = 0.8). As listed in Table 6.3, Thrips spp comprised the majority of small 
insects collected from the sticky traps. Other small insects such as wasps, flies, bugs, 
leafhoppers, ants and beetles were also trapped and collected. Observation showed that 
Melyridae (beetles), wasps and flower flies were only found in the traps placed outside the 2x2 
mm mesh. 
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Table 6.2 Insects captured visiting flowers of M. alternifolia in West Wyalong 
SS02p during 2005 flowering season, collected by direct trapping 
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, Group, FaP,:lilY name and corit~pn name .• . Number of :inseqt visitbr ... 
•. . :l:.' ~ ' ., • ' : < ~) ' • I-' ;.;;~: (Me~n ±: standard ~ev.!.~tion) '· 1:1:~.~-~,; ?-
' 11'.4" 
.. ' 
,l : 
• 
~ 
. t.; : I.::' AM ~, r . ., 
' 
::: " . .. . . . : P~ >_} 
' ~ .•. ,!"~ ~-
. . ~ ~ .,_ . 
.. '· 
Diptera Calliphoridae (Blowflies) 20.8±1.8 19.5±2.5 
Diptera Muscidae (House flies) 21.1±2.5 19.1±2.4 
Diptera Syrphidae (Flower flies) 11 .5±1.1 9.1±1.4 
Hymenoptera Apidae (Native bees) 1.3±0.4 1.1±0.4 
Hymenoptera Apidae (Honey bees) 1.4±0.6 1.5±0.4 
Hymenoptera Sphecidae (Black wasp) 1.4±0.3 0.7±0.2 
Hymenoptera Vespidae (Yellow-jacket wasp) 0.5±0.2 0.8±0.2 
Hymenoptera Sphecidae (Orange-black wasp) 0.7±0.3 0.3±0.1 
Coleoptera Lycidae (Brown beetle) N/a 0.9±0.2 
Lepidoptera Lycaenidae (Blue butterfly) 0.7±0.2 1.1±0.3 
Lepidoptera Nymphalidae {Multi colour butterfly) 1.4±0.3 0.5±0.2 
Table 6.3 Insects captured visiting flowers of M. alternifolia in West Wyalong 
SS02p during 2005 flowering season, collected by sticky traps 
.... "" 
Group, family name and common 
· '"· , · . .' name · ~ ·. -~\.: i::~ 
;- ; .. :::· '':i.' 
". :.; ... 
Coleoptera - Anthicidae (ant 
beetle) 
Coleoptera - Melyridae (beetle) 
Coleoptera (beetle) 
Diptera (very small flies) 
Hemiptera - Cicadellidae 
(leafhopper) 
Hemiptera - Lygaeidae (bug) 
Hymenoptera - Formicidae (ant) 
Hymenoptera (wasp) 
Syrphidae (flower flies) 
Thysanoptera (thrips) 
· •• Nu111~~r of inse·ct,visit9r "': . Number of insect visitor .. ~' 
' (M.eari :±~standard: deviat(on} {Mean ±.standard, devi~tf on) ·· 
'; collected 'tropi -~~icky tr'aps '·' ( collecte~ from-.stipk,Y tr"p:S .~ 
·· ".\·Inside 2x2mm me.sh :<·~: outside 2x2mm mesh'J;o;. 
0.5 ± 0.5 0.5 ± 0.3 
N/a 1 ± 0.4 
1.25 ± 0.6 0.5± 0.3 
4.25 ± 1.3 1.75 ± 0.85 
3 ± 0.82 2.75 ± 0.5 
7±3 4.25 ± 0.85 
0.25 ±0.25 2.75 ± 0.85 
N/a 1 ± 0.4 
N/a 1.75 ± 0.85 
26 ± 8.73 23.5 ± 3.7 
Very small insects were also collected from inflorescences. As evident from Table 6.4 
flowers of M. alternifolia were visited by many very small insects. At least 9 different types of 
very small insects, including thrips (Thrips sp), were found in the inflorescences during peak 
flowering. These results confirmed once again that Thysanoptera sp (Thrips imaginis and Thrips 
tabacci) were the dominant floral visi tors to M. alternifolia, while several other types of insects, 
e.g. plant bug, predatory shield bug, weevil, jewel beetle, wasp and crab spider, were only 
infrequent visitors. 
Data on the small insects collected from the inflorescences at two sites were analysed 
using REML, using sample tree and type of insects as fixed effects and site as a random effect. 
The analysis showed that the number of small insects varied significantly between sample trees 
(Wald test= 29.05, d.f. = 7, x = <0.001) and between the types of insects themselves (Wald test 
= 52.51, d.f. = 16, x = <0.001). 
Table 6.4 Number of very small insects collecting from inflorescences (N= 10) 
of M. alternifo/ia in West Wyalong SS02p and Wollongbar SS02 
during the 2007 flowering season 
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Thysanoptera N/a Thrips imaginis 56 (1 -485) ± 1.12 
Thysanoptera N/a Thrips tabacci 13 (1-49) ± 12.5 
Hemiptera Lygaeidae Nyius sp (Bug) 4.8 (1-66) ± 10.9 
Hemiptera Miridae (Plant bug) 1.9(2-1)±1.0 
Hemiptera Pentatomidae Oexhallia schellenbergii 1 (1-1) ± 0 
(predatory shield bug) 
Coleoptera Elateridae (Click beetle) 2.4 (1-6) ± 1.66 
Coleoptera Curculiionidae (Weevil) 1.42 (1-3) ± 0.69 
Coleoptera Anthicidae Anthicus sp (Ant beetle) 1.6 (1-6) ± 1.34 
Coleoptera Buprestidae Castiarina (Jewel beetle) 1(1-1)±0 
Hymenoptera Apidae (Bee) 2 (2-2) ± 0 
Hymenoptera Pteromalidae (Wasp) 1.2 (1-2) ± 0.41 
Hymenoptera Bethylidae (Wasp) 1 (1-1)±0 
Hymenoptera Eupelmidae (Wasp) 1 (1-1)±0 
Diptera N/a (Fly) 2 (2-2) ± 0 
Araneae Thomisidae (Crab spider) 1 (1-1)±0 
6.4.3 Exclusion experiments 
The first exclusion experiment was conducted in order to investigate what kinds of insects 
actually act as pollinators, that is, to address question three. Five different treatments were 
applied in the four sample trees as described in subsection 6.2.3.1. The REML analysis showed 
that the percentage of capsules set at 16 months after bagging varied significantly between 
treatments (Wald stat= 186.58, d.f. = 4, X = <0.001). 
Figure 6.2 illustrates the percentage of capsules set for each treatme nt (i.e. % 
capsules/initial number of buds). Branches without any exclusion treatment had the highest 
percentage of capsules set; the various netting treatments had the next highest percentage of 
capsules set; and the full y hagged (complete exclusion) treatment the least. It is notable that 
differences in the percentage of capsules set between the three netting treatments were not 
significant, and that percentage of capsules set did not vary significantly between open and 15 x 
15 mm nettings, although the netting treatments of size 10 x 10 mm and 2 x 2 mm did differ 
significantly from that used for open pollination. Clearly, pollination vectors had pe netrated the 
2 x 2 mm aperture at levels resulting in high levels of capsule set. This suggests that vectors 
such as tiny insects, which can penetrate the 2 x 2 mm aperture, are acting as pollinators of M. 
alternifolia flowers. 
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Figure 6.2 Proportion of M. alternifolia flowers that developed into set capsules, 
and associated standard errors, under four exclusion treatments and 
one fully open control (sample size = 4 per treatment) 
To investigate this issue more full y and with more replication, a second exclusion 
experiment was carried out during November 2007 in the two seedling seed orchards, 
comparing total exclusion, 2 x 2 mm aperture exclusion with no exclusion treatments. There 
were significant differences in the mean percentage of capsules set (at 4 months after treatment) 
between these treatments (Wald stat = 12.57, d.f. = 2, x = 0.002), and between the families of 
the sample trees (Wald stat= 22.27, d.f. = 4, x = <0.001 ), at West Wyalong SS02p. 
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Results from Wollongbar SS02 were similar in terms of differences between treatments 
(Wald stat= 6.38, d.f. = 2, x = 0.04), but there was no difference between fami lies (Wald stat = 
5.19, d.f. = 4, X = 0.27) in th is case. 
At both sites, the highest rate of capsule development occurred for the no-exclusion 
treatment, i.e. when all insects had open access to flowers. The complete exclusion treatment 
demonstrated the lowest percentage of capsule development. This contrast can be seen clearly in 
Figures 6.3 A and B. However, the proportion of capsules set did not differ s ignificantly 
between the 2 x 2 mm exclusion and open treatments, consistent with the findings of the 
preliminary experiment. 
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Figure 6 .3 Proportion of M. alternifolia flowers that developed into seed 
capsules, and associated standard errors, under two exclusion 
treatments and one fully open control in West Wyalong SS02p (A) 
and Wollongbar SS02 (8) (sample size= 10 per treatment) 
The data from the two sites were combined, and subjected to a REML analysis, in which 
treatment and family were considered as fixed effects and site as a random effect. In this 
combined analysis, the mean percentage of capsules set varied significantly between treatments 
(Wald stat= 17.92, d.f. = 2, X = <0.001) and families (Wald stat = 27.11, d.f. = 7, X = <0.001). 
Approximately 40% of untreated (open pollinated) M. alternifolia flowers were successfully 
pollinated by natural vectors and about 38% of flowers inside the 2 x 2 mm mesh were also 
successfully pollinated, either by very small insects or by wind. About I 0% of capsules were set 
under the fully-bagged treatment, demonstrating that the rate of automatic self-pollination (i.e. 
autogamy) is low. 
These results demonstrate that pollination leading to capsule set depends almost 
complete ly on insects or other animals for poll ination. Analysis of the combined data also 
demonstrated that there was no significant difference in terms of the proportion of capsules set 
between partial exclusion, with a netting of 2 x 2 mm aperture, and the fu lly open treatment; this 
is consistent with the results of the preliminary experiment carried out in 2005. Therefore, this 
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result reinforces the likelihood that very small insects, i.e . ones that can penetrate netting of 2 x 
2 mm aperture, are acting as major pollinators of M. alternifolia. 
6.5 Discussion 
Nectar production in M. alternifolia was shown to be minimal; none of the samples taken 
contained a measurable amount of nectar. Nectar production is generally influenced by many 
factors, including size of the floral display, flower age, plant size, season and time of day 
(Cruden et al. 1983; Zimmerman and Pyke 1986; Rathcke 1992). Generally, small flowers are 
unlikely to produce large quantities of nectar as there is little space for nectar retention (Faegri 
and van der Pijl 1979). However, lack of nectar is not ubiquitous in small flowers. For example, 
some acacias with very small flowers have drips of nectar (Stone et al. 2003), although tropical 
acacias have very little nectar production (Sornsathapomkul and Owens J 998). A study of 
nectar production in Eucalyptus cosmophylla, E. grandis and E. pulverulenta showed that nectar 
was produced four days after first flower opening, but not on the first day of anthesis (Davis 
1997). In M. alternifolia, therefore, the lack of nectar is probably due to the very small 
individual fl ower size (see Figure 3. 1. and 3.2). Despite the lack of nectar, mature plants of M. 
alternifolia have small flowers grouped into inflorescences which produce abundant pollen; this 
might be the main attractant to visitors. 
The exclusion experiments showed that pollination within a 2 x 2 mm net is equivalent to 
that in the open treatment. The fully bagged treatment which allowed spontaneous self-
pollination demonstrated a low level of capsule set. Thus, it seems that M. alternifolia depends 
on small pollen vectors for most pollination. Results from the exclusion experiments conducted 
over two years and at two different sites confirmed that high levels of pollination were recorded 
within the 2 x 2 mm net, indicating that either very small insects or wind, or both, act as the 
pollen vectors. Several varieties of insect visitors as listed in Table 6.3 might function as 
pollinators, and much of the pollination appears to be conducted by very small insects (that is, 
those able to penetrate a 2 mm square mesh). Due to the high number of Thysanoptera found 
visiting M. alternifolia flowers, thrips are suggested as likely pollinators of this species. Even 
though wind might play a role in pollination, there is very little evidence of wind pollination in 
Myrtaceae (House 1997). Wind pollination has been established in Australian cone bearing 
trees, such as those of the genera Araucaria, Callitris and Casuarina (House 1997). 
The number of individuals of Thrips imaginis and Thrips tabacci found as floral visitors, 
and the apparent importance of very small insects in pollination of M. alternifolia, suggest that 
thrips may be acti ng as the most effective pollinators of M. alternifolia. Adult thrips are known 
to have a high rate of landing on some flowers (Kirk 1985). Although thrips have low efficiency 
in transporting pollen, with an average number of pollen load of 2.4 for adults (Williams et al. 
2001), this is compensated for by their abundance in the flowers (Zamora 1999) and by their 
ability to multiply rapidly over a short period; these characteristics meet the demand for 
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pollinators during peak flowering (Bawa et al. 1990). Thousands of thrips living in hundreds of 
fl owers can transfer considerable amounts of bulk pollen, not only within flowers but also 
belween flowers (Ananthakrishnan 1993; Zamora 1999), as thrips can fly while carrying many 
pollen grains (Annand 1926). 
It has been noted that many species of thrips that li ve in flowers feed on the pollen, nectar 
and flower tissue (Kirk J 984b; Kuniyasu et al 1998); they have also been suggested as 
significant pollinators in other plant species, including those in the Annonaceae (Momose et al. 
1998), Dipterocarpacecae (Appanah 1985), Euphorbiaceae (Moog et al. 2002), Monimiaceae 
(Williams et al. 2001), Moraceae (Sakai 2001), and Zamiaceae (Mound and Terry 2001). 
Pollinators are not necessarily plant mutualisls; they may act also as floral herbivores (Faegri 
and van der Pijl 1979), seed predators (Pellmyr 1989), or as vectors of plant disease (Jennersten 
1988). 
Thrips imaginis and Thrips tabacci, which were found in this study to be li ving in M. 
altemifolia flowers, are common in Australia and generally affect plants through pollination and 
damage to fruit or seeds (Kirk 1987). Thrips imaginis have also been found in other Melaleuca 
spp and Eucalyptus spp (University of California Riverside 2004; Kirk l984b). On the basis of 
this study, the evidence that thrips act as the major pollinators of M. alternifolia is strong, 
although further research to confirm this finding would be desirable. 
M. alternifolia fl owers at West Wyalong SS02p, and presumably elsewhere, were visited 
by a variety of both large and very small insects: exotic and native bees, flies and wasps, 
butterflies and a beetle, thrips and bugs. Thrips and flies were the most numerous small and 
large insect floral visitors, respectively. Blowflies have been suggested as pollinators of 
Eucalyptus (Pryor and Boden 1962) and also identified as common visitors to Eucalyptus nitens 
flowers (Hingston et al. 2004b). Several studies of Eucalyptus species have also reported that 
flies and/or bees are predominant fl ower visitors (Ashton I 975b; Ireland and Griffin I 984 ; 
Hingston and Potts 1998; Hingston and McQuillan 2000). However, the most common visitor is 
not necessarily also the most effective pollinator (Olsen 1997; Freitas and Paxton 1998; Ivey et 
al. 2003). 
The variety and number of insects visiting flowers in the population of M. alternifolia 
SS02p suggested that there are no barriers to pollen transfer between trees, and that rates of 
cross-pollination in seed orchards should be high. Even though very low capsule retention was 
found in the fully bagged treatment, capsule set was still very high in the 2 x 2 mesh and open 
pollination (Figure 6.3). 
The low capsule set achieved in the fully bagged treatment raises several possibilities. 
First, M. alternifolia shows a degree of self-compatibility: as discussed in Chapter 5, hand self-
pollination in some families revealed them to be completely self-incompatible, and others to 
tolerate a smal l level of selfing. This finding concurs with previous studies in several 
Myrtaceous species, which found a degree of self-compatibility within species; examples 
include Eucalyptus regnans, E. grandis, E. cladocalyx, Metrosideros exelsa and Melaleuca 
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cajuputi subsp cajuputi (Potts and Savva 1988; Ellis and Sedgley 1992; Sedgley 1994; Schmidt-
Adam et al. 1999; Kartikawati 2005). 
The second issue raised by these results (exclusion experiment subsection 6.4.3) is that it 
seems likely that contamination of flowers by adults or larval thrips occurred before the 
inflorescences were covered with the polyester bags (PBS- I 0). Kirk (l 984a) reported, in an 
ecological study of Thrips imaginis, that most eggs of T. imaginis were not laid inside flowers, 
but 59% were laid in bud sepals and 14% were laid in the stem. The eggs incubate no longer 
than 3.2 days before hatching and the larval stages take longer than 4.1 days to mature. If the 
timing of thrips' development was similar in this study, it is likely that the thrips already existed 
in the pollination bag when it was applied, and flowers were pollinated inside the bags. This 
suggests that it would be necessary to kill the thrips' eggs on a flower prior to applying the 
pollination bag if self-pollination is to be prevented. 
6.6 Conclusions 
In summary, M. alternifolia flowers are visited by a variety of insects both large (e.g. 
European honey bees) and small (e.g. very small insects including thrips). This research 
indicated that thrips were most likely to be the principal pollinators of M. alternifolia. 
The ubiquity of adult and larval thrips before flowering could pose challenges for isolating 
flowers during controlled pollination treatments. For example, fully isolated (bagged) but non-
emasculated flowers in the exclusion experiments produced a few capsules. This taken together 
with the results of self-incompatibi lity observations in Chapter 5, suggests that a degree of self-
compatibility does occur in M. alternifolia. 
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Chapter 7: Hybridisation of M. alternifolia 
with closely related species, M. 
dissitiflora and M. linariifolia 
7. 1 Introduction 
A breeding program has been established for M. alternifolia to assess variation in growth 
and oil quality and yield, estimate genetic parameters, and then convert progeny tria ls to 
seedling seed orchards for supplying genetically improved (open pollinated) seed for plantation 
establishment (Doran et al. 2006). 
Interspecific hybridisation is well documented in the genus Melaleuca, but has been 
restricted to naturally co-occurring, closely related species (Australian National Herbarium 
Canben-a database'\ Natural hybridization between M. alternifolia and M. linariifolia has been 
confirmed in populations near Port Macquarie, NSW (Butcher 1994). Hybrid seedlots of M. 
alternifolia and M. linariifolia were produced by Doran et al. (2002). These workers found that 
the average values for composition in 1,8-cineole in 3-rnonths-old hybrid seedlings were 
intermediate between those of the pure species lines, and that growth rates matched those of 
parental species. 
lnterspecific crosses (hybrids) between M. alternifolia and its close relatives M. linariifolia 
and M. dissitiflora are of interest to Melaleuca breeders. All three species have chemotypes that 
qualify under the standard for Australian tea tree oil (Brophy 1999). M. linariifolia and M. 
dissitiflora are adapted to greater environment extremes than M. alternifolia (J. Doran, pers 
com. 06 November 2005), and therefore hybrids between them and M. alternifolia offer the 
prospect of extending the range of sites on which the terpinen-4-ol chemotype of tea tree oil can 
be produced. Such a strategy would emulate other hybrid breeding programs; for example, E. 
camaldulensis x E. globulus hybrids were produced artificially to improve pulp quality as well 
as yield and salt tolerance (Meddings el al. 2003), and the hybrid between E. grandis and E 
camaldulensis has extended the range of sites for commercial wood production in South Africa 
(Denison and Kietzka 1990). 
Melaleuca linariifolia, although generally cineole-rich, includes provenances in its range 
that are rich in terpinen-4-ol but still too high in cineole for market acceptance (Brophy and 
Doran 1996). Hybridisation with a very low cineole form of M. altern~folia has potential to 
lower the cineole to desirable levels. Moreover, it has a wider geographic range than M. 
alternifolia, with occurrences as far south as Nowra, NSW and shou ld contain provenances with 
high frost tolerance. M. dissitiflora, on the other hand, has terpinen-4-ol-rich oil (up to 60% of 
37 Data accessed courtesy of L. Craven, CSIRO Australian National Herbarium, Canberra, 22 
March 2006. 
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total oil) (Brophy 1999), but it falls short on biomass production for commercial purposes (G. 
Davis, pers com. 06 November 2005) . Hybridisation with a high yie lding form of M . 
alternifolia might solve this problem. M. dissitiflora occurs in Central Australia and presumably 
has greater tolerance of drought-prone sites than M. alternifolia. 
Controlled pollination of Melaleuca species 
Controlled crosses are a methodology used in breed ing strategies and programs to 
concentrate the best alleles from selected trees and generate new e lite genotypes. Methods to 
undertake controlled crosses of M. alternifolia have been described by Baskorowati (2006, see 
Appendix 6). Two methods of controlled pollination, traditional controlled pollination (TCP) 
and one-stop pollination (OSP) were used for producing hybrids in thi s study. As discussed in 
Chapter 2, OSP was developed by Harbard et al. ( 1999, 2000) and Williams et al. (l 999a) in £. 
globulus; it has been recorded as requiring only half the time of conventional methods (Harbard 
et al. 1999), but achieved similar levels of seed production to th at resulting from conventional 
methods (Williams et al. 1999a), and is much superior to open pollination of E. globulus 
(Harbard et al. 1999). The OSP technique requires only a single visit to each flower, when 
several activi ties take place: emasculation of the flower at anthesis; slicing the style j ust below 
the stigma, which stimulates exudates and provides a receptive site for pollen; pollination; and 
isolation using a plastic tube. 
The purposes of this study 
The purposes of this study were, fi rst, to determine if artificial hybrids can be efficiently 
produced between M. alternifolia and its close relati ves, M. linariifolia and M. dissitiflora; and, 
second, to assess the growth and morphology of hybrid progeny produced from controlled 
pollination. 
7.2 Materials and Methods 
The controlled pollination e xperiment to create the artificial hybrids was conducted in M. 
alternifolia SS02p West Wyalong, NSW (Chapter 1.6) and in industrial plantations of M. 
dissitiflora established at West Wyalong in November 2005. The M. dissitiflora originated from 
seed co llected in natural populations near Alice Springs in Central Austral ia (J. Doran~8 , pers 
com. 06 November 2005). M. linariifolia pollen was sourced from a natural stand, as described 
below. Growth and morphological observations of hybrid and pure species progeny were 
conducted in the ANU glasshouse, Canberra, from June to December 2006 (Chapter 1.6). 
38 J. Doran, 06 November 2005. Research Fellow. CSIRO, Canberra. 
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Controlled pollination was undertaken using individuals of 3 families (numbers 24, 34 and 
54) of M. alternifolia as the fe male parent and 3 indi vidual trees from the industrial plantation 
of M. dissitiflora. M. linariifolia pollen was collected from a natural stand near Tairo in south 
east Queensland as mixed pollen from several trees (collected by P. Warburton, Technical 
Officer CSIRO Forest Biosciences, Cooroy). The M. dissit~flora pollen mix was collected by the 
author from a seed stand located on the property of G. R. Davies Pty Ltd, West Wyalong. The 
M. altern~folia pollen mix was collected from sample trees of families, unrelated to those used 
as female parents, in West Wyalong SS02p. The hybrid controlled crosses including in this 
study are shown in Table 7.1. 
Table 7.1 Design of the controlled crosses between M. alternifolia and close 
relatives, M. dissitif/ora and M. linariifolia 
FEMALE 
M. afternifofia 
2005 
24 24 x M. dis 24 x M. fin N/a N/a 
34 34 x M. dis 34 x M. fin N/a N/a 
54 54 x M. dis 54 x M. Jin N/a N/a 
2003 
46 N/a N/a 46 x M. fin 46 x M. fin 
69 N/a N/a N/a 69 x M. fin 
Traditional controlled pollination (TCP) methods are described in Chapter 5. The OSP 
techniques are as described above. The plastic tubes used by Harbard et al. (1999) for E. 
globulus were not appropriate to isolate the small M. alternifolia stigma; thus, PBS 10- 1 bags 
were used. A second visit was required for removal of the bags 14 days after pollination. 
Manipulated hybrid capsules and parental controls were harvested in April 2006 and 
transported to the Canberra laboratories for seed extraction. Hybrid and parental control seeds 
were germinated and planted in the ANU glasshouse on September 2006. Treatment numbers 7 
to 11 involving the hybrid cross between M. alternifolia and M. linariifolia pollen from 
Bulahdelah and Telegraph Point, NSW and matching parental lines were provided by the tea 
tree breeding program to expand the range of material under test. The seedlings were grown in a 
g lasshouse under natural light conditions and at controlled temperatures of 22 - 32°C. Seedling 
growth measurements and morphological characteristics were recorded when the seedlings 
reached 3 months-of-age. The experimental design for the seedling trial was based on an eight 
replicate, row-column design as described in Table 7.2 . However, due to the low seed 
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germination of the M. dissitiflora parent, only one seedling was available to represent the pure 
parental I ine in this experiment. All morphological characteristics of the seedlings were 
recorded at the node nearest to 200 mm above the cotyledon (Brooker J 968; Nicolle and 
Whalen 2006). 
Seedlings were assessed for height, stem diameter, leaf width and length and leaf area 
index. He ight of seedlings was measured using a scientific ruler; basal diameter of seedlings 
was measured using a digital calliper; leaf width and leaf length were measured using a 
scientific ruler by placing the leaf on graph paper; and leaf area index was measured using leaf 
area meter model LICOR LI-3000A at RSBS, ANU. 
0 
w 
Table 7.2 Experimental design for comparison of hybrid seedlings and parental 
controls in ANU glasshouse 
Column 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
1 4 8 1 7 11 7 10 9 2 5 3 5 1 10 8 4 
2 11 9 2 8 3 10 4 7 6 1 1 2 9 8 10 11 
3 2 4 8 5 1 9 6 2 10 7 10 11 5 3 7 9 
4 7 5 9 6 10 5 1 8 3 3 9 4 2 11 4 7 
5 3 3 4 11 7 12 5 1 8 2 4 10 11 9 2 6 
Remark: Treatment Hybrids 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
and parental species 
24 M. alternifolia x M. linariifo/ia 
24 M. alternifolia parent 
34 M. alternifo/ia x M. dissitif/ora 
34 M. alternifo/ia parent 
54 M. alternifolia x M. dissitiflora 
54 M. alternifo/ia x M. linariifolia 
46 M. alternifolia x M linariifolia Bulahdelah 
46 M. alternifolia x M. linariifo/ia Telegraph Point 
69 M. alternifolia x M. linariifolia Telegraph Point 
M. linariifolia Bulahdelah parent 
M. linariifolia Telegraph Point parent 
M. dissitiflora parent 
17 
11 
5 
3 
1 
8 
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7.3 Statistical Analysis 
Growth and leaf measurements were analysed using a general linear model, using REML 
analysis in the GenStat 81h edition package. Data of stem basal diameter, total height, leaf width, 
leaf length and leaf area index were set as response variates. Leaf area index data were log 
transformed to meet the assumption of normaJirt. The type of hybrid was set as fixed effect and 
coloumns and rows were set as random effect. 
7.4 Results 
Capsule production 
Table 7.3. gives the mean number of capsules set on hybrids of M. alternifolia x M. 
linariifolia and M. alternifolia x M. dissitiflora and reciprocals. Capsule set was higher 
following TCP than OSP. In this study, the OSP method did not increase the seed yield, because 
of the low capsule retention re lative to that from TCP. Only three capsules were produced from 
the 931 pollinated buds that received the OSP treatment. 
The mean number of capsules set from TCP was very different between the combinations 
of crosses. The interspecific crosses between M. altemifolia x M. linariifolia produced a much 
higher capsule set than those of M. alternifolia x M. dissitiflora; crosses between M. dissitiflora 
x M. alternifolia produced very few capsules. In general, the mean number of capsu les set was 
higher when the female parent was M. alternifolia than M. dissitiflora . This result suggests that 
the lack of success in the hybrid manipulation between M. dissitiflora x M. alternifolia may be 
due to the different length of the style; the style of M. dissitiflora is around twice as long as that 
of M. alternifolia. 
Table 7.3 Effects of two different controlled pollination methods on the mean 
number, and associated standard errors, of capsules set for various 
hybrid combinations 
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Mean 
'1·':.f: Percentage 
number of of capsules 
~1c<!p~ules .set(%) 
.. ha r.ve.s.ted ' 
.... 
M. alternifo/ia x M. linariifolia TCP 6 49.8±5 31.17±5.03 61±5.7 
M. alternifolia x M. dissitiflora TCP 6 49.7±2.2 10±5 18.9±9 
M. dissitiflora x M. alternifolia TCP 3 48.7 ±2.4 1±1 2.3±2.3 
M. alternifo/ia x M. linariifo/ia OSP 6 54.7±3.8 0 0 
M. alternif ofia x M. dissitiflora OSP 6 "50.5±2.7 0.5±0.5 0.9±0.9 
M. dissitif/ora x M. alternifolia OSP 6 50±50 0 0 
* TCP - traditional controlled pollination; OSP - one stop pollination 
Seedling development 
No abnormalities were recorded in the hybrid seedlings. However, REML analyses showed 
that the basal diameter and height of seedlings were significantly different between the hybrid 
and open-pollinated parental seedlots. It can be seen from Table 7.4 that the artificial hybrid M. 
alternifolia x M. dissitiflora exhibited growth intermediate between that of the parental species 
but closer to that of M. alternifolia. In the case of the M. alternifolia x M. linariifolia seedlings, 
their growth at 3 months was superior to parental species. Significant differences were also 
demonstrated among the samples in the morphological characteristics of leaf width and leaf area 
of seedling leaves at the node assessed, with the hybrids demonstrating intermediate 
morphological characteristics to those of the parents (Figure 7.1 ). However, there were 
significant differences in leaf length between the hybrid and parental seedlots. 
Table 7.4 Mean stem basal diameter, total height. leaf width, leaf length and 
log-transformed leaf area at node closest to 20 cm above the 
cotyledon, of hybrids and parental control seedlings of M. 
alternifolia, M. dissitiflora and M. linariifolia at 3 months-of-age 
39 67 76 63 6.7 
Leaf width (cm) 0.5 0.4 0.5 0.6 0.06 
Leaf length 
<0.001 
<0.001 
(cm) 4.9 4.2 4 4.5 4 .5 0.37 0.127 
Leaf area (cm ) 
(long transformed) 2.8 
1/. ulter111folia 
1.5 1.4 1.5 
llyhrid 
altcmifolia x li11ariifolia 
1.9 0.29 
) / . /i11ariij(1/ia 
Figure 7.1 Intermediate leaf area at the node closest to 20 cm and at 3 months-
of-age of hybrid M. alternifolia x M. linariifolia seedlings compared to 
parental M. alternifolia and M. linariifolia seedlings (scale 1 :1) 
<0.001 
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7.5 Discussion 
There appear to be no barriers to artificial interspecific hybridisation between M. 
alternifolia and the closely related species M. linariifolia. As discussed in Chapter 2.7, natural 
hybridisation in Melaleuca is restricted to within groups of closely-related species. Natural 
hybridisation between M. alternifolia and M. linariifolia has been confirmed by chloroplast 
DNA analyses (Butcher et al. 1995). 
In contrast, there do appear to be barriers to hybridisation between M. alternifolia and the 
less-closely related species M. dissitifolia. One important barrier in this case may be the 
difference in style length, with pollen from M. alternifolia unable to grow down the longer 
styles of M. dissitifolia and penetrate the ovules. However, this study has shown that it is 
possible to artificially produce the hybrid M. alternifolia x M. dissitiflora if M. alternifolia is 
used as the female parent. It is believed that it is the first time this combination of species has 
been manipulated, which is significant given the industry's interest in its commercial potential. 
A similar barrier has been reported in attempts to cross E. globulus and E. nitens. Pollen 
from E. nitens, with a short style, failed to penetrate the ovules of E. globulus which has a long 
style. By contrast, pollen from E. globulus successfully grew down the short style of E. nitens to 
reach the ovary (Potts et al. 1992). Potts and Dungey (2004) identified two major barriers to 
hybridisation within subgenera. The first is a structural barrier which is unilateral, and due to the 
pollen tubes of small flowered species not being capable of growing the full length of the style 
of the large flowered species (Gore et al. 1990). The second is a physiological barrier which 
results in pollen tube abnormalities. 
In this study, the one-stop controlled pollination method (OSP) adapted from eucalypts did 
not improve the number of capsule set in M. alternifolia (see Table A 1.3). The OSP method has 
been successful when used with E. globulus (Williams et al. I 999a; Harbard et al. 1999) and 
with E. grandis and E. urophylla (Assis et al. 2005), and in producing hybrids with these 
species. The styles of these Eucalyptus species are much larger and tougher than those of M. 
alternifolia, and are less likely to be damaged when being cut and handled during pollination. 
Harbard et al. (1999), found that using the OSP method resulted in considerable savings in time 
and efficiency compared to TCP. 
The morphology of the manipulated hybrid M. alternifolia x M. linariifolia seedlings was 
distinct from the morphology of both parent species. In the morphological characteristics 
measured, leaf width and leaf area, this hybrid has intermediate characters to both parents. In 
contrast, the seedlings of artificial hybrid M. altern~folia x M. dissitiflora had values that were 
equivalent or closer to M. alternifolia than to M. dissitiflora. In Eucalyptus hybrids, it is 
common to have intermediate characteristics that are closer to one parent than the other (Tibbits 
I 988b). 
Because of time limitations, it was not possible to establish trials to compare oil yield and 
oil qualities of the hybrid seedlots with those of the parental controls. Such trials should be 
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established over a range of growing conditions, including drought- and frost-prone sites. The 
RIRDC/ ATTIA tea tree breeding project intends to pursue this work in the coming years (J. 
Doran39, pers com. 12 April 2007). 
39 J. Doran, 12 April 2007, Research Fellow. CSIRO, Canberra. 
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Chapter 8: Conclusions 
The principal objective of this study, as described in Chapter 1, was to gain a better 
understanding of the reproductive biology of Melaleuca alternifolia; as well as being of interest 
in its own right, this knowledge would inform M. alternifolia breeding programs. In this 
chapter, the conc lusions of the five experimental chapters (from Chapter 3 to 7) are reviewed, 
and the most important implications for breeding M. alternifolia are discussed. This chapter also 
discusses the limitations of the research conducted for this study, and offers recommendations 
for future research. 
B. 1 Reproductive biology of M. alternifolia 
The research topics which were necessary to investigate the reproductive biology of M. 
alternifolia were described in Chapter 1.5; these were: 
I. Floral morphology and development of M. alternifolia 
2. Flowering phenology and intensity of M. alternifolia 
3. Incompatibility mechanisms of M. alternifolia 
4. Pollination system of M. alternifolia 
The results of this study relevant to each of these topics are summarised below. 
The floral structure and development of M. alternifolia 
Flowers of M. alternifolia are hermaphroditic and protandrous. There is sl ight dichogamy 
in individual flowers of M. alternifolia, with the male phase, when pollen is first shed, occurring 
one and half days (1.4 ± 0.55 days) post-anthesis. The female phase (defined as maximum 
stigma receptivity) occurs three to four days post-anthesis (Chapter 3). This result is consistent 
with findings for other Melaleuca spp, for which no strong dichogamy has been found (Barlow 
and Forrester 1984). 
In M. alternifolia, the separation of pollen and stigma presentation 1s significant: 
investigation of the morphology of individual flowers revealed that the stigma is positioned in 
the centre of the hypanthium, and surrounded by five stamina! columns which together contain 
an average of 253 stamens (Figure 3. l). Almost all pollen of individual fl owers of M. 
alternifolia is released within seven days of anthesis, with pollen remaining highly viable for 
one week (40%). This morphological structure and the availability of pollen provide ample 
opportunities for self-pollen to be deposited on the stigma. This may cover the stigma with self 
pollen and block other pollen; dichogamy might occur in such a system to prevent self-
pollination. 
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Protandry in this species suggests that outcrossing is encouraged; this commonly occurs in 
many members of the Myrtaceae (Sedgley and Griffin 1989; O'Brien and Calder 1993; 
Beardsell et al. 1993). Such a system has been suggested as limiting self-fertilisation (Moncur 
and Boland 1989; Sedgley and Smith 1989). However, M. alternifolia flowers are arranged in 
spikes (inflorescence), and flowers develop acropetally (Chapter 3), which means that there may 
be some overlap of male and female phases within an inflorescence; this structure suggests they 
may be geitonogamous. 
This pattern of flowers presenting both male and female stages at any one time occurs 
commonly in Myrtaceous species with small flowers (Beardsell et al. 1993). The possibility of 
geitonogamy in M. altemifolia is also suggested by the life-span of individual flowers. The life-
span of individual flowers is 10 days (9.6 ± 0.55) and all buds in one inflorescence flowered 
within 6 days (5.9 ± 1.1) starting from the bottom and continuing to the top of the inflorescence. 
The life-span of inflorescences is 12 days ( 12.4 ± 0.89) (Chapter 3); this demonstrates a high 
degree of synchrony of flowering within inflorescences, which could lead to self-pollination 
between flowers within the inflorescence. 
In summary, the floral structure and development of M. alternifolia are typical of those 
described for other Myrtaceous species, with floral structures and developmental processes 
which both allow and mitigate against self-pollination. 
Flowering phenology and intensity of M. alternifolia 
In general, M. alternifolia flowers only once a year, with flowering at the study sites 
occurring regularly every spring (October to November). Flowering in the two seed orchards 
studied, which are located some 1,000 km apart, and located both very near and very distant 
from the natural natural range of the species, began at the same time each year during the period 
of observation (2004 - 2007). In seed orchards, all flowering was confined to spring. However, 
observations in the natural population studied during the period 1994 to 2000 found a few 
individuals (less than l 0%) which started to flower in spring but continued atypically to flower 
sporadically over 6 months. 
The timing of flowering of M. alternifolia populations within this restricted flowering 
season appears related to variation in a number of environmental factors, as expected from 
knowledge of the floral biology of other species. Although absolute temperatures and 
daylengths at the three study s ites differ slightly, the annual patterns of temperature and 
daylength variation at all three sites are very similar, with low temperatures (around 5"C 
minima) in winter following and preceding warmer temperatures and longer days in autumn and 
spring, respectively. The study site outside the natural range of the species, at West Wyalong, 
has a winter rainfall maximum, in contrast to summer maxima at the study sites within or near 
the species' natural range. This suggests that moisture availability is not a determinant of 
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flowering time or period. However, at all three study sites, flowering intensity is c learly related 
to moisture availability, with greatly diminished flowering associated with low rainfall years. 
Flowering at the West Wyalong orchard occurred at an earlier age and was heavier than 
that at the Wollongbar orchard in 2004 and 2005 (Chapter 4). This may be associated with the 
lower temperatures experienced at the West Wyalong site during the period of fl ower induction; 
experimental observation of clones of M. altemifolia showed that those which experienced 
temperatures below S"C produced more floral buds than those maintained at warmer 
temperatures (Chapter 4). 
Synchronous fl owering occurs both in natural and in planted seedling seed orchard 
populations of M. alternifolia, with flowering lasting for three to four weeks (Chapter 4). The 
flowers' total life-span of ten days means that each flower will bloom for approximately one-
third to one-quarter of the flowering time of the whole population. The abundance of flowers 
occurring during the mass flowering season promotes opportunities for outcrossing. In good 
flowering years during the study period, more than 75% of trees flowered in the seed orchard 
populations, with almost all families flowering (Table 4.5). 
Cumulative flowering during good flowering years gives advantages to populations by 
producing a massive fl oral display, which will attract more pollinators than individual fl owers 
(Primack and Silander 1975), even though there are ample opportunities for geitonogamy. For 
example, Eucalyptus regnans, in spite of the predominance of geitonogamous pollination, has a 
high outcrossing rate because mass flowering occurs in this population (Griffin 1980; Griffin et 
al. 1987). Simultaneous flowering between families maximises opportunities for genetic 
exchange, as all plants have the chance to be pollen donors or pollen receivers. Flowering 
synchronicity, especially in seedling seed orchards, promotes outcrossing over self-pollination. 
The conditions favouring outcrossing are enhanced by the availability of pollinators during the 
flowering period in the seedling seed orchards (Chapter 6). Mass production of capsules 
following good flowering years (Chapter 3) demonstrated that there was no lack of effective 
pollination in these seed orchards. Heavy seed crops were produced from open pollination 
during good flowering years (2004 and 2005 in West Wyalong SS02p; 2006 and 2007 in 
Wollongbar SS02). 
In summary, M. alternifolia populations flower synchronously and predictably, apparently 
m response to environmental cues. Either or both temperature and day length are the 
environmental parameters with a clear relationship to flowering; there is evide nce that low 
temperatures during bud ini tiation (winter) promote flowering. Flowering intensity is related to 
moisture availability, with poor flowering in drought years. M ass flowering, such as that evident 
for M. alternifolia, promotes outcrossing. 
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The incompatibility mechanism of M. alternif olia 
As discussed in Chapter 5. l, self-incompatibility systems can take a number of forms, 
which are not mutually exclusive . This study examined both pre- and post-zygotic mechanisms, 
and found that both operated in M. alternifolia. 
The self-incompatibility system that exists in M. altern!folia serves as a mechanism for 
promoting out -crossing. This study found that individuals of M. alternifolia differed in their 
degree of expression of self-incompatibility. Artificial self-pollination, with emasculation, in 
several families resulted in complete self-incompatibility, with no capsule retention (Chapter 5). 
However, natural self-pollination, without emasculation, in several families demonstrated a low 
level of self-compatibility with up to 18% of trees producing a few capsules (Chapter 6 ). 
Therefore, it appears that a degree of self-compatibility exists in M. altemifolia, along a 
continuum from partially self-incompatible to completely self-incompatible. This may reflect 
either or both variable seed set following selfing, and the variable fitness of progeny. A degree 
of variation of self-compatibility within one species is common in the Myrtaceae; this has been 
reported for several species such as Eucalyptus regnans, E. grandis, E. cladocalyx, 
Metrosideros exelsa and Melaleuca cajuputi subsp cajuputi (Potts and Savva 1988; Ellis and 
Sedgley 1992; Sedgley 1994; Schmidt-Adam et al. 1999; Kartikawati 2005). 
The result of low self-compatibility in this study is consistent with several reports of high 
outcrossing rates in the species. A very high outcrossing rate, of between 86% and 93%, has 
been reported from izosyme and microsatellite analyses of natural populations of M. alternifolia 
(Butcher et al. 1992; Rosseto et al. 1999). A selfing rate of 5%-28% in some crosses of M. 
alternifolia without emasculation has been reported by Doran and Moran (2002). 
The microscopic observation of pollen tube development revealed two mechanisms of self-
incompatibility in M. alternifolia. In M. alternifolia it appears that self-incompatible systems 
operate in the stigma or the style (Chapter 5); however, a few self-pollen tubes are capable of 
germinating and producing pollen tubes. It also appears that late acting self- incompatability 
mechanisms discriminate against self-pollen tubes when they descend to the ovary (Table 5.8, 
Chapter 5). 
Observation of the pollen tubes and the evidence of wet papillate stigma of M. alternifolia 
as shown in Figure 3.4, suggests that a gametophytic self-incompatibility system exists in M. 
alternifolia. This is consistent with reports for M. hypericifolia, M. thymifolia and M. capitata 
(Barlow and Forrester l 984). This study did not address the extent to which self-incompatibility 
mechanisms are controlled by the genotype of the garnets or the sporophytes, as discussed by 
Gibbs (1986). More complex studies are required to fully understand the gametophytic self-
incompatibility in this species. 
In summary, M. alternifolia demonstrated a high degree of self-incompatibility typical of 
that found in other Myrtaceous species. This is maintained by a gametophytic self-
incornpatibility system, the expression of which varies between families. The rejection of self-
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pollen at the style and ovarian levels, and the consequent low levels or intolerance of selfing, 
maintain a high level of outcrossing in M alternifolia populations. 
Pollinators of M. alternifolia 
A wide variety of insects were observed visiting the flowers of M. alternifolia presumably 
attracted by the very small level of nectar production typical of this species and abundant pollen 
(Table 6.2). These visitations obviously play an important role in pollen transfer between trees. 
Insects visit M. alternifolia flowers not only because of the floral attractants, but also because of 
the time of flowering in spring coincides with an increase in the number and activity of insects. 
This phenomenon generally occurs in species with small flowers (Griffin 1982; Wilson 2002), 
like M. alternifolia. It is also common for species with small flowers, and which produce small 
amounts of nectar, to be associated with insects as pollinators (Faegri van der Pijl 1979). 
Thrips seem likely lo be the main pollinators of this species, even though several other 
insect species such as bees, flies, and wasps play a role in pollination. Exclusion observations 
over two years demonstrated that capsule retention inside a 2 x 2 mm mesh was equal to that of 
open-pollination. Thus, very small insects, which were observed to be thrips in this research, are 
clearly effective in pollination of M. alternifolia. Large numbers of thrips, 55 on average, were 
found in every inflorescence (Chapter 6). Therefore, in a typical seedling seed orchard 
population, the number of thrips could be over a million, especially during a good flowering 
season. Moreover, the ability of thrips to travel between plants (Kirk l 984a) also implicates this 
insect in cross-pollination. Although individual thrips may carry only a few grains of pollen 
each, their very large numbers in a population mean they can play an important role as 
pollinators. 
In summary, M. alternifolia appears to be pollinated principally by thrips, which appear 
to be very effective in facilitating cross-pollination. 
8.1.1 Summary - the reproductive biology of M. alternifolia 
In summary, this study found that the reproductive biology of M. alternifolia is similar to 
that of other myrtaceous species. Jn M altern~folia, the stigma is positioned at the centre of the 
hypanthium, surrounded by 5 stamina! columns with an average total of 253 stamens; flowers 
are protandrous, inflorescences are geitonogamous, with flowers within an inflorescence 
developing acropetally; individual flowers are open for an average of 6 days, and individual 
inflorescences for 12 days. Flowering is almost completely synchronous in populations, and 
occurs at the same time and for the same 6-week period in spring, in populations in NSW both 
within and well outside the species natural range. Flower induction appears to respond to low 
temperatures, with minima around 5°C, and shorter day le ngths, but not to rainfall pattern; 
however, moistu re availability has a strong relationship with flowering intensity. M. alternifolia 
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has a gametophytic self-incompatibility system, as has been found for other Melaleuca species, 
with barriers to selfing acting at both style and ovarian levels. However, some individuals and 
families are capable of tolerating a low level of selfing. Thrips are the principal pollinators of 
M. alternifolia. Together, these characteristics mean that M. alternifolia populations maintain 
high levels of outcrossing. 
8.2 Implications of the results for breeding 
This section considers the implications of the results of this study for current and future 
breeding programs of M. alternifolia. 
Flowering and seed production 
The fl oral structure and developmental process of M. alternifolia flowers, dichogamous, 
and acropetal development of flowers in an inflorescence, suggest that self- pollination can 
occur naturally in a population. This is exacerbated by the omnipresence of thrips, which can 
carry contaminating pollen in M. altern(folia flowers. Consequently, any breeding activity that 
requires specific crosses or complete outcrossing also requires controlled pollination preceded 
by emasculation of the fl owers in an inflorescence. 
The synchronicity of flowering in M. alternifolia populations m very different 
e nvironments is advantageous for ensuring high levels of outcrossing, because the large 
numbers of small flowers of M. alternifolia provide a strong attraction to pollinators. The 
consistency of flowering time between years and across sites means that breeding activities, 
such as controlled pollination, can be scheduled predictably. The low intensity of flowering 
associated with drought years suggests that irrigation of seed orchards would be advantageous 
in enhancing flower and seed production in dry years. 
Although M. altern(folia capsules develop over a long period of time, taking at least 16 
months to reach maturity, the number of capsules set can be reliably predicted from one month 
after pollination. This result improves the e fficiency of breeding operations by reducing the 
number and therefore time and costs of undertaking inspections in the field to monitor and count 
developing capsules. 
Attempts to estimate general and specific combining effects on seed yield were of limited 
success in this study, because of li mitations in the experimental material. The preliminary 
results from this study suggest SCA effects may be significant and so further research, involving 
a larger and more complete half-diallel mating design than eventuated here, should be carried 
out. 
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Self-incompatibility 
Previous studies showed low levels of self-compatibility (ranging from 5% to 28%) in M. 
altemifolia. Results of this study (Chapter 6) also revealed that self-pollination without 
emasculation produces capsule set. However, this study found that self-incompatibily occurs at 
the gametophytic level, which was not considered in previous studies. The presence of this 
incompatibility mechanism suggests that seed collected for plantations from natural stands or 
orchards will be almost completely outcrossed. 
A few families have a low level of self-compatibility; therefore, in particular cases where 
pure outcrosses of M. alternifolia are sought, the breeder should undertake the work required for 
complete outcrossing, as described above. Because the number of families involved in this study 
is limited, a further study of self-incompatibility, using larger numbers of families, should be 
undertaken. 
Making controlled crosses 
In breeding strategies where inbreeding is to be avoided at all costs, artificial pollinations 
should be undertaken with emasculation. Emasculation should be carried out on the first day of 
or before anthesis, since the peak stigma receptivity is 3 to 6 days after anthesis, which is the 
best time to conduct pollination. Emasculation is also important to ensure that thrips or larvas of 
thrips are removed from the corollas and the anthers; in so doing it will minimize the 
contamination from thrips and complications for breeding. 
Bags for isolating control-pollinated flowers should remain covering the flowers for at 
least 2 weeks, since a stigma can remain receptive for up to I 0 days after anthesis. This is to 
avoid contamination from other pollen (a low number of pollen tubes were found in styles 
collected 10 days after anthesis (Chapter 3). 
Storing pollen 
Freeze-dried pollen stored in airtight containers in a deep freeze will maintain some (in this 
study, 22%) level of viabi lity over a year of storage. This finding will allow greater flexibility in 
making controlled pollinations as stored pollen can be substi tuted for fresh when insufficient 
quantities of pollen are available from new-season flowers. 
Hybridisation 
Results found no barriers to the production of artificial hybrids between M. alternifolia and 
the closely-related species M. linariifolia. Hybrids of M. alternifolia with M. dissitiflora were 
also produced when M. alternifolia used as athe female parent. These preliminary results 
suggest that hybrids could be developed to play a role in breeding programs and production 
populations, for example to enhance the drought resistance of M. alternifolia. 
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8.3 Research limitations and future research 
recommendations 
The study was constrained by a number of factors that could not have been predicted at the 
beginning of the study. Two major constraints of this study were: (a) the severe period of 
drought at West Wyalong during the 2006 flowering season that caused nearly the complete 
abo1tion of capsules from an intensive range of pollination experiments; and (b) the freak storm 
in 2006 which de vastated the glasshouses in Canberra and in the process destroyed the bank of 
clones that were to be the basis of floral induction experiments. In addition, logistics and 
resources limited the periods of time that the author could spend in the orchards. These 
limitations prompt several recommendations for further research possibilities as discussed 
below. 
As noted in Chapter 5, observations of self-compatibility systems usrng artificially 
controlled pollination in this study were based on only a small number of families. Therefore, 
this study could not estimate fully the extent of the problem of self-compatibility found in the 
population. More extensive studies need to be undertaken, to more reliably dete1mine whether 
or not the mechanism of self-compatibility varies between families of M. alternifolia . 
Emasculation should be applied during controlled pollination to provide pure outcross or self-
pollination. 
Climate, especially very low rainfall , was another limitation that affected observations in 
this study. In terms of a reliable level of flowering, it is better to conduct studies of M. 
alternifolia in areas where rainfall is not a limiting factor, for example at Wollongbar, or in 
orchards that are irrigated. 
Further study of thrips as the main pollinators of M. alternifolia is recommended. Exclusion 
experiments using a smaller mesh size than 2 x 2 mm would probably ensure that thrips could 
be unambiguously identified as potential pollen vectors . The ubiquitous presence of thrips on 
flowers means that conventional procedures for isolating flowers for controlled pollination are 
not adequate in this case, and new techniques will need to be developed for M. alternifolia, and 
possibly for other species with similar pollination biology. 
This study successfully produced artificial hybrids between M. alternifolia and its close 
relatives M. linariifolia and M. dissitiflora, although success rate was much lower with M. 
dissitiflora and did not appear to work at all when M. dissitiflora was used as the fe male parent. 
Hybrid seedlings of both crosses were grown and shown to d isplay morphological 
characteristics at the seedling stage intermediate between those of the two parents. Further close 
observations of growth and oil characteristics of the hybrids are warranted to assess the 
economic potential of their use in the tea tree industry. 
Despite the limitations in conducting this research, the resuts reported in this thesis have 
contributed to a better understanding of the reproductive biology of M. alternifolia, and how 
that knowledge can be used in breeding programs. 
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Appendix 1 Row-column design of 
experiment to determine the number of seed 
set of M. alternifolia 
cofumn ... .: . 
shelf row site 1 
'" 
2 ·3 4 ' '5. 
1 1 1 9 18 10 14 15 
1 2 1 16 2 12 5 1 
1 3 1 3 17 8 11 19 
1 4 1 6 7 20 4 13 
2 1 2 8 20 19 17 18 
2 2 2 7 15 14 6 10 
2 3 2 12 1 2 11 3 
2 4 2 13 16 9 4 5 
3 1 2 10 2 11 16 13 
3 2 2 4 9 18 12 1 
3 3 2 15 5 7 19 17 
3 4 2 20 8 3 6 14 
4 1 1 16 1 4 17 13 
4 2 1 19 14 11 20 9 
4 3 1 10 7 18 5 6 
4 4 1 12 8 3 15 2 
5 1 2 4 15 12 14 5 
5 2 2 2 3 17 16 8 
5 3 2 20 13 9 18 6 
5 4 2 7 19 10 11 1 
6 1 1 6 2 20 11 8 
6 2 1 10 3 7 13 17 
6 3 1 1 15 9 12 4 
6 4 1 5 14 19 18 16 
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Appendix 2 Experimental design of first 
(2006) experiment in ANU Canberra 
glasshouse 
Design for inside glasshouse 
row/col 2 3 4 5 6 7 8 9 10 
D 8 E 8 A 
+paclo +paclo +paclo E +paclo D 8 +paclo A 8 
A 8 8 c A 8 
2 +paclo +paclo A +paclo E +paclo +paclo +paclo 8 D 
D A 8 8 E 
3 c A 8 +paclo +paclo A +paclo 8 +paclo +paclo 
Design for outside glasshouse (4 months cold temperature) 
row/col 2 3 4 5 6 7 8 9 
8 D E 8 A 
+paclo +paclo E +paclo B +paclo D A 8 +paclo 
A 8 A c 8 
2 8 +paclo +paclo A +pacl.o E +paclo 8 D +paclo 
D 8 A 8 E 
3 A c +paclo 8 +paclo +paclo A +paclo +paclo 8 
Remark: clones A=BA31/l/3; B=BA33/l/4; C=DP2/2/5; D=CA48/3/5; E=CD6/l/2 
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Appendix 3 Experimental design of second 
(2007) experiment in ANU Canberra 
glasshouse 
Treatment 1 - Plants inside glasshouse with paclobutrazol application 
2 
3 
1 
8 
6 
2 
9 
7 
4 
3 
4 
1 
3 
4 5 6 7 
6 7 3 5 
4 2 9 3 
5 1 8 2 
Treatment 2 - Plants inside glasshouse without paclobutrazol application 
1 
2 
3 
1 
7 
4 
2 
2 3 
9 8 
7 6 
1 4 
4 5 6 7 
6 2 1 3 
3 1 5 8 
7 8 6 9 
8 
2 
6 
9 
8 
4 
9 
5 
Treatment 3 - Plants outside glasshouse for 2 months with paclobutrazol application 
2 
3 
7 
5 
9 
2 
1 
7 
3 
3 4 
5 2 
8 1 
4 8 
5 6 7 8 
4 9 6 8 
3 4 9 6 
6 1 2 7 
Treatment 4 - Plants outside glasshouse for 2 months without paclobutrazol application 
2 
3 
1 
8 
3 
2 
2 
3 
6 
4 
3 4 
2 9 
3 4 
5 8 
5 6 7 8 
4 1 7 5 
2 5 9 8 
1 9 3 6 
Treatment 5 - Plants outside glasshouse for 4 months with paclobutrazol application 
2 
3 
1 
9 
8 
1 
2 
6 
2 
3 
3 4 
2 5 
4 3 
8 4 
5 6 7 8 
1 3 3 4 
5 9 1 6 
6 3 2 8 
9 
8 
5 
7 
9 
5 
2 
3 
9 
3 
2 
5 
9 
6 
1 
3 
9 
8 
3 
5 
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Treatment 6 - Plants outside glasshouse for 4 months without paclobutrazol application 
1 
2 
3 
2 
3 
8 
2 
5 
6 
2 
3 4 
3 6 
4 8 
6 3 
5 6 7 8 
8 1 8 3 
5 2 1 3 
6 4 3 5 
9 
4 
8 
3 
Remark: Clone numbers 1to9 are BA 3 1/1/3; DP 2/2/5; BA 3311 /4; CD 6/1/2; CA 48/2/5; C 
11; C 57; C 2 and C 4, respecti vely 
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Appendix 4 Row-column design of 
experiment to determine the effects on seed 
germination of different type of pollination 
of M. alternifolia 
,. 
column,· ' 
shelf row 1 2 3 4 5 6 
1 1 6 7 3 1 9 21 
1 2 13 24 5 20 19 11 
1 3 10 16 14 23 4 8 
1 4 22 2 17 12 18 15 
2 1 10 2 11 21 16 13 
2 2 4 23 9 18 12 1 
2 3 15 5 7 19 17 24 
2 4 20 8 3 6 22 14 
3 1 21 4 15 12 14 5 
3 2 2 3 24 17 16 8 
3 3 23 20 13 9 18 6 
3 4 7 19 10 22 11 1 
4 1 16 24 1 4 17 13 
4 2 19 14 11 20 9 23 
4 3 10 7 18 5 22 6 
4 4 12 8 21 3 15 2 
5 1 9 18 10 14 21 15 
5 2 16 2 12 5 1 24 
5 3 3 17 8 11 19 20 
5 4 6 7 22 4 13 23 
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Appendix 5 Row-column design seedling 
experiment of M. alternifolia in ANU 
glasshouse 
column 
2 5 4 3 4 2 5 1 2 5 4 
5 4 2 3 4 5 3 2 5 4 2 3 
2 3 4 5 2 3 4 2 3 1 4 5 
4 3 5 2 4 5 3 4 5 3 1 2 
Treatment 
number Seed lot Type of pollination 
1 27x35 Cross pollination 
2 27x98 Cross pollination 
3 27x58 Cross pollination 
4 270P Open pollination 
5 27x27 Self pollination 
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Controlled pollination methods 
for Melaleuca alternifolia 
(Maiden & Betche) Cheel 
Liliana Baskorowati1 
Introduction 
Mela/euca is a large genus of the Myrtaccac family 
and comprises over 230 species with about 219 
species endemic to Australia (Craven and Lepschi 
1999). Within this genus, several species are valuable 
for commercial production of foliar essential oil: 
M. alternifolia (Maiden & Betche) Chee!, M. caju-
puti ssp. cajuputi Powell and M. quinquenervia (Cav) 
Blake are examples (Brophy and Doran 1996; Doran 
1999), with M. alternifolia currently of most interest 
to Australian producers. 
Three main chemical varieties (chernotypes) of 
M. alternifolia, rich in either 1,8-cineole, terpinolene 
or terpinen-4-ol, are recognised. The terpinene-4-ol 
rich chemotype oflow 1,8-cineole content ( <5%) has 
undergone most commercial development (Davis 
2003; Southwell 2003). 
Limited production (2-20 tonnes/year) of Aus-
tralian tea-tree oil commenced in 1926 in natural 
stands of M alternifolia on the north coast of New 
South Wales (Davis 2003). 
Increasing demand for this oil from the late 1980s 
fostered the development of plantations which now 
total 4000 ha to meet an annual demand for oil 
approaching 500 tonnes. Most plantations are in 
northern New South Wales and northern Queensland. 
lmproving the quantity and quality of oil produced 
has been the objective of a plant selection and 
I Research and Development Centre for Plantation 
Forests, Yogyakarta, Indonesia. Present address: School 
of Resources, Environment and Society, Australian 
National University, Canberra, ACT 0200, Australia. 
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breeding program for M. alternifolia in Australia 
since 1993 (Figures 1 and 2). 
Figure 1. Seedling seed orchard of Melaleuca 
alternifolia near Lismore, New South 
Wales, Australia 
Controlled crosses are part of the breeding strategies 
for this species, to concentrate the best alleles from a 
range of selected trees and provide new elite genotypes 
for the program. In addition, inter-species (hybrid) 
crosses between M alternifolia and its close relatives, 
M. linariifolia and M. dissitiflora, are of interest for 
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expanding the range of sites where the terpinen-4-ol oil 
type can be produced economically. 
This report describes the practical steps necessary 
to produce controlled-cross seed of M. alternifolia. 
Figure 2. Abundant flowers on Melaleuca alternifolia 
in a seedling seed orchard at West 
Wyalong, New South Wales, Australia 
F1lamen1 
Carpel Ovules 
Flower structures and development 
Inflorescences are spikes comprising 8- 24 (length 
5 mm; width 2 mm) small, individual flowers (Figure 
3). Each flower is primarily complete with male and 
female reproductive organs, consisting of 4 sepals, 
4 petals, 5 stamina! columns from which numerous 
anthers are attached by short filaments and a small 
stigma on the end of the style (Figure 4). 
All flower parts just before opening are enclosed 
by white petals. When the petals open, the stamina! 
cohunns uncurl, exposing the stamens which have a 
white to creamy feathery appearance. 
Figure 3. The inflorescence of Melale11ca altemifolia 
(scale I: I mm) 
~ St,9ma 
.'~' 
I+-_..,,+-+ Sty!<> 
-·-Sepal 
Figure 4. Flower of Melaleuca. alternifolia (illustration by Teguh Triono 2005) 
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Pollen of individual flowers is shed before the 
stigma is receptive (protandry), and thus self-pollina-
tion within the same flower is minimised. 
Large numbers of flowers arc produced per tree 
during a 2-3 week period (Figure 5) usually from mid 
October to late November. There is therefore plenty 
of opportunity for receptive stigmas to receive pollen 
from nearby flowers of the same tree, providing 
potential for self-pollination. However, despite this 
potential, the outcrossing rate in M. alternifolia has 
been reported to exceed 90% (Butcher et al. 1992). 
2 
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. - - ·-- • 
b 
St~gcs 
Stages of flower development of Melaleuca 
alternifolia. The x-axis gives the stage of 
flower development and the y-axis the 
number of days from initiation of 
inflorescence 
To produce controlled crosses, pollen (Figure 6) 
from a selected male parent is placed on the receptive 
stigma of a female parent ('pollination') (Figure 7). 
Pollen germinates on the stigma and the pollen tube 
grows down the style to the ovary and fertilises the 
ovules ('fertilisation') (Figure 8). Melaleuca alterni-
folia pollen is triporate in structure. 
Knowledge of flower structure and floral develop-
ment, especially identifying the important stages of 
development to control pollination (Figures 5- 10) is 
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essential for manipulating crosses (both pollen col-
lection and emasculation of flowers). 
The flowering times of plants chosen for parents 
might vary. This is especially so when hybridisation 
is being attempted between different species, or when 
crosses are being undertaken between individuals of 
the same species but growing under different envi-
ronmental conditions. 
Figure 6. Pollen of Melaleuca alternifolia 
Figure 7. Receptive stigma (female organ) of 
Melaleuca alternifolia with abundant 
secretion 
Pollen will often need to be collected in advance 
and stored so that it is available when required. When 
attempting pollen transfer between species (hybridi-
sation) it is essential to understand the barriers that 
might inhibit success; there may be a degree of 
incompatibility between species. 
Unopened flower buds must be isolated to ensure 
there is no contamination from other pollens. Mela-
Jeucas are insect-pollinated and, unless flowers are 
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covered, some pollen transfer may occur following 
insect visits (Figures 11 and 12). 
Pollen collection and storage 
The pollen must come from the correct source and be 
uncontaminated by stray pollen. 
Step 1 All open flowers are removed and the 
unopened flowers covered by pollination 
bags. The flowers inside the bag open and 
the stamina! columns uncurl ex.posing the 
anthers, giving a white to creamy feathery 
Figure 8. Ovary and ovules of Melaleuca alternifolia 
appearance. The white anthers slowly 
change to a light brown colour over 3-4 
days. 
Step 2 The colour change from white to brown coin-
cides with the splitting open of the anthers, 
ex.posing the pollen grains (Figure 9). At this 
stage, the flowers should be collected. 
Step 3 Flowers should be placed on a piece of 
paper or flat dish, and placed in desiccators 
to dry out (Figure 13), or bottled for freeze-
drying (Figure J 4). 
Open Melaleuca alternifolia anther, shedding 
pollen 
4 hours 
TIME OF ANTHESIS 
Figure 10. Time of anthesis of Melaleuca alternifolia 
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Figure 11. Insects visiting Melaleuca alternifolia flowers: a. honey bee (Apis me/lifera); 
b. butterfly 'blue' family Lycaenidae; c. butterfly family Nyrnphalidae; d & e. wasp 
family Sphecidae; f. wasp family Vespidae; g. brown beetle family Lycidae; h. fly 
family Calliphoridae 
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Figure 12. Insect (honey bee) canying pollen on its 
body 
Drying pollen over silica gel in 
a desiccator 
Prepare the flower buds for sieving by drying over 
silica gel in a desiccator for 3 days at room 
temperature. 
• The base of the desiccator should be filled with 
fresh silica gel to assist the drying process. 
• The plant material is then passed through a 
45 micron sieve to remove the pollen. 
• Pollen is placed in a glass bottle or vial, sealed, 
labelled and stored at sub-freezing temperatures 
(e.g. - l 8°C). Sub-freezing storage is best combined 
with a desiccant to maintain low humidity. 
• Between flower sampling, all equipment must be 
cleaned by washing or spraying with alcohol. 
Figure 13. Flowers drying in a desiccator 
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Drying pollen using a freeze-dryer 
If available, a freeze-dryer (Figure 14) is a useful 
method of drying a large number of pollen samples 
quickly. The method of use is as follows, though 
operators should also familiarise themselves with the 
machine and read the operating procedures: 
• mature flowers should be collected and loosely 
packed into glass vials (Figure 15) 
• the vials are then placed in tht: specific chamber 
with rubber stoppers positioned for later sealing 
(Figure 16) 
• freeze-dry the pollen for about 24 hours 
• seal vials and store as described above. 
Figure 14. A freeze-dryer 
Figure 15. Collecting flowers for pollen extraction 
Pollen for cross-pollination should be as fresh as 
possible. It can be stored for a few days under low 
humidity in desiccators, but its viability may drop 
considerably after 10 days of storage. 
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Melalcuca pollen has been successfully stored for 
short periods at temperatures of3-5°C. For long-term 
storage, however, temperatures of - l 8°C to - 20°C are 
recommended. Pollen of M. alternifolia, for example, 
will retain acceptable viability for 11 months if stored 
at -l 8°C in sealed vials (Figures 16 and 17). 
Figure 16. Flowers in vials in freeze-dryer 
60 
so ii 
~ 40 
:0 30 
5 20 
10 
0 '---'-~--''---'-~-'-~-'-~-'-~'--~-'---
3 days 34 weeks 
Storage time 
48weeks 
Figure 17. Decline in viability of pollen of Melaleuca 
alternifolia over time when stored in 
sealed vials at - I 8°C 
Figure 18. Germinated poUen (x20 magnification) of 
Melaleuca alternijolia 
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Testing pollen viability 
A pollen viability test should be carried out as soon as 
possible after collection of flower buds and extrac-
tion, before the pollen is stored. Testing should also 
be undertaken before the pollen is used for poll i-
nating flowers, especially if it has been held in 
storage for some months. Adequate fertilisation can 
sometimes be obtained using pollen with a germjna-
tion rate as low as 10%, but best results are obtruned 
with rugher viabilities. There are numerous methods 
of testing pollen viability. The method below is 
simple and has given consistent results. 
Use a small screw-capped glass vial that has been 
sterilised. Prepare a medium consisting of 30% 
(300 g) sucrose and 150 ppm ( 150 mg) of boric acid 
in l litre of distilled water. Place 3-4 drops of the 
mediwn (sufficient to cover the base) into the vial. 
Add a small amount of pollen mix using a toothpick. 
Secure cap, shake and label the vials, and place them 
in a germination cabinet at 20-25°C for 24 hours. 
After germination, which usually takes J-2 days, 
use a l rnL pipette to extract from the vial a drop of 
liquid containing medium and pollen. Place a drop on 
a mkroscope slide and view at about x20 magnifica-
tion. Germinated (Figure 18) and ungerminated 
pollen can be counted and a germination percentage 
calculated. 
Selection of trees and branches for 
pollination 
The selection of trees and branches on which flowers 
will be pollinated is an important step. Consider the 
following factors: 
• T rees must be healthy. There is no point in 
spending a lot of time and effort on pollination if 
the tree aborts its flower buds because of stress; or 
worse, dies. 
• Trees with a mediwn to heavy crop of flower buds 
should be chosen, as this will give greater 
opportunities for selection of quality flowers. In 
cases where trees must also serve as pollen parents, 
an initial survey and ranking of individuals based 
on the nwnber of branches suitable for 
emasculation (removal of male flower parts) and 
as a pollen source aids selection. 
• Select unshaded, strong branches where growth is 
vigorous. Branches low in the crown or close to the 
ground run the risk of damage by passing traffic. 
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Branches need to be strong, a5 they will be 
supporting a pollination bag for about 14 days. 
Strong winds may break the branch because of the 
added weight of the bag. In some cases, the bag 
may have to be tied to a nearby branch for support. 
Too much branch movement may result in the 
stigma coming in contact with twigs and leaves or 
the pollination bag and being damaged. 
• Be sure to replicate each cross on each mother tree 
as security against breakage. The replicates (bags) 
of each cross should be spread around the crown 
for added security. 
Emasculation and isolation 
A branch that has about l 0 inflorescences, each sub-
tended by a healthy vegetative bud, is selected. Inflo-
rescences without a healthy vegetative bud at their 
apex may fail to grow, inducing capsule abortion. Any 
advanced, open flowers are removed. The aim is to 
emasculate about 50 flowers in each bag. Any imma-
ture capsules from last year's crop should also be 
removed at this point To ensure there is no contami-
nation from outside pollen, a pollination bag should be 
fitted to cover the inflorescences. Cotton wool or foam 
should be used at the base of the bag as insulation for 
the branch and to ensure exclusion of insects. 
Removal of all male parts can be carried out with a 
small pair of tweezers. It is very difficult to emascu-
late the small flowers before they open. As anthers do 
not shed their pollen for a few days after extension, it 
is easier to emasculate when the stamina] columns 
have started to uncurl. Advanced buds (Figure 19) 
Figure 19. Advanced bud and freshly opened flowers 
which are used for emasculation 
can be emasculated by prying open the top of the bud 
with sharp tweezers (Figure 20) and carefully 
removing sepals and filaments so as not to damage 
the style, which is still bent at this stage (Figure 2 l ). 
Close examination with a x 10 magnifying glass 
will show if anthers have been successfully removed. 
It may be necessary to remove some foliage to avoid 
a build-up of moisture within the bag. 
Once emasculation is completed, the pollination 
bag should be replaced and tied on (Figure 22). Next, 
the branch has to be clearly labelled, preferably with 
a metal tag or 'Dymo' tape. It must be considered that 
the tag will need to remain firmly attached on the 
branch for about 14 months. 
For various reasons, some tags do fall off. It is thus 
suggested that two labels per bag be used (Figure 23 ). 
This small investment of extra time provides insur-
ance for a process that has cost a lot of effort. 
As a high level of outcrossing rate has been identi-
fied, it may be possible to pollinate without first 
emasculating each flower. This would save consider-
able time and place less stress on individual flowers. 
Pollination without emasculation has been field 
tested and is suitable where some {<10%) self-polli-
nation is acceptable. 
Applying pollen 
Before flower opening, the styles are small and bent 
over. After flower opening, the style straightens and 
increases in length. The stigma, on the tip of the style, 
enlarges and appears shiny, moist and sticky, indi-
cating receptivity. Once the stigma is receptive, 
Figure 20. Emasculating flowers of Melaleuca. 
alternifolia using tweezers 
12 
Baskorowati, L. 2006. Controlled pollination methods for Melaleuca a/Jernifolia (Maiden & Betche) Chee!. 
Canberra, ACIAR Technical Reports No. 63. 
pollen can be applied. Pollen is applied using a small 
brush (figure 24) 'or stick, or the lid of the vial. 
This procedure should be repeated during the sub-
sequent few days, to ensure all stigmas receive pollen 
at the receptive stage. It is important to rinse hands 
and pollen applicator with ethanol between pollina-
tions to ensure no contamination occurs from pollen 
used in a previous cross. It is recommended that one 
brush be used for each type of pollen, and labelled as 
such, to avoid any confusion of pollen source. 
Sequence of pollination 
Step 1. Select branch. Remove mature capsules, 
opened flowers and immature flower buds 
(Figure 25). 
Step 2. Label branch with metal and colour tags 
(Figure 26). If a range of colours is available, 
Figure 21. Bent styles after emasculation 
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use of a colour specific to the pollen parent 
aids identification for subsequent poJ\inations. 
Step 3. Emasculate flower buds (Figure 27). 
Step 4. Place pollination bag over branch (Figure 
27). Record event. 
Step 5. Inspect after 2- 3 days. 
Step 6. When the stigma is receptive, apply pollen 
with brush or vial cap. Replace bag, record 
event (Figure 28). 
Step 7. Repeat pollination after 2-3 days. 
Step 8. Once fertilisation is complete, stigmas tum 
brown and abscise. About 14 days after last 
pollination, pollination bag should be 
removed (Figure 29). 
Step 9. Collect mature capsules identified by their 
labels. This occurs at 14-18 months after 
pollination. 
Figure 23. Colour tag and metal tag for bag labelling 
Figure 24. Pollinating using a paint brnsh 
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Figure 25. Removing opened flowers and immature 
and mature capsules 
Figure 27. Emasculating the flowers of Melaleuca 
alternifolia; completed branches (inflores-
cences) are bagged 
14 
Figure 26. Labelling the branch 
Figure 28. Applying pollen to receptive stigmas 
--Figure 29. Removing the pollination bag 14 days after 
pollination 
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Figure 30. Fruit (capsules) of Melaleuca alternifolia 
at different stages of development: a. 
2 weeks after anthers shed; b. 4 months 
old; c. 14 months old and ready to harvest. 
Capsules may be retained on a tree for 
some years. 
Bag removal and seed collection 
Pollination bags must be left in place until fertilisation 
is complete. When fertilisation is completed, the stigma 
is no longer sticky and shiny and has turned brown. 
This occurs about 7 days after pollination, at which 
time the pollination bag should be removed. Delay 
increases the chances of wind damage and/or stress to 
the developing flower buds by high temperatures. 
In M. alternifolia it takes about 14- 18 months for 
the seed to mature and be ready for harvest. Each 
mature capsule, which is dark brown in colour 
(stage C, Figure 30), consists of 20- 25 seeds on 
opening. 
Record keeping 
It is important to keep a record of pollination details. 
Data to be recorded should include male and female 
parent, date of emasculation, date of pollen applica-
tion and number of flowers pollinated at each treat-
ment, and date of bag removal. Using a special 
Control Pollination Records sheet (Appendix 1) 
facilitates this process. 
Materials 
A list of the materials required for pollinating 
melaleucas follows. The materials are shown in 
Figure 31. 
• magnifying headset 
• magnifying glass 
• labels (metal + wet-strength paper of various 
colours) 
• ethanol 
• metal ties +wire 
• pollination record sheets 
• small paint brushes 
• pencil 
Figure 31. Materials used in controlled pollination 
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• scissors 
• watetproof marker 
• tweezers 
• pollination bags 
• rope 
• secateurs 
• cotton wool or foam 
• ladders (if required). 
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